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Abstract  
Greenhouses are agricultural tools which are used to alter and control the environment in which 
crops are grown. Increasing interest in greenhouse usage and development has recently been 
demonstrated at a local level but Australia’s warm temperate climate has traditionally meant 
that many greenhouses are not equipped with heating capacity. This investigation aimed to 
develop an optimised ground source heat pump (GSHP) heated greenhouse and compare its 
economic feasibility against an unheated greenhouse as well as a diesel combustion heated 
greenhouse.  
A finite difference numerical model of the greenhouse system was developed and a 
multifactorial optimisation was completed with respect to a variety of cost and reliability 
metrics. The annual net benefit required to make a reliability optimised GSHP heated 
greenhouse more financially attractive than a passive greenhouse was $184,967. While the 
rigorous determination of potential net benefit required agronomical input, an envelope 
calculation estimated the potential annual net benefit of heating to be $422,611. This suggests 
that the heating of a greenhouse is financially beneficial. The GSHP heated system consistently 
demonstrated itself to be less financially attractive than the diesel heated system. Although 
limited by parametric uncertainty and simplified modelling, these results present a step towards 
a “best practice” guide for heated greenhouse design in Australia. The model can also be used 
as a design tool for GSHP heated greenhouse design.  
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1 Introduction  
The growing consequences of climate change, increasing scarcity of economically viable fossil 
fuels, and escalating energy prices, highlight the need for increased research and development 
into renewable energy technologies. One such technology with significant potential for growth 
in the Australian market is Ground Source Heat Pumps (GSHPs). The Queensland Geothermal 
Energy Centre of Excellence (QGECE) recently installed a 40kW borehole heat exchanger 
(BHE) GSHP system at the Gatton Campus of the University of Queensland. Following this 
installation, a local farmer approached the centre to discuss the use of a GSHP for heating an 
agricultural greenhouse during winter nights. This Project aimed to assess the long-term 
feasibility of the system by numerically modelling and optimising the performance of a Design 
Greenhouse and heat pump. The ensuing body of work communicates the findings of the design 
and modelling process. 
1.1 Project Background  
Greenhouses are an important form of protected cropping technology, which are used to alter 
and control the environment in which crops are grown. This project focussed specifically on 
the control of temperature by providing heating. 
Protected cropping is responsible for approximately 20% of Australia’s vegetable and flower 
production, equating to an annual contribution to the domestic economy of $1.8 billion 
(Protected Cropping Australia, 2016). The majority of this protected cropping capacity is 
attributable to rudimentary technologies such as low lying row tunnels. The demand for 
comparably more complex agricultural greenhouses, in the warm temperate climates of 
Australia’s primary growing regions, has remained low when compared to colder and more 
heavily populated areas (Castilla, 2012). However, with estimated potential returns on 
investment of 27% in some crops, substantial portions of the Australian agricultural market 
remain on the lookout for cost effective greenhouse solutions which warrant the cost of upfront 
investment (Badgery-Parker, 2001).  
The relatively high infrastructure costs associated with establishing permanent electricity or gas 
supplies to traditionally remote and isolated Australian greenhouses has been prohibitive to the 
development of greenhouse heating. Of the greenhouses that are heated, most utilise fossil fuel 
burners with onsite fuel storage. Natural gas is the least expensive and cleanest burning of these 
fuels however as it is not widely available, LPG, oil, diesel and coal are also used (Al-
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Khawaldeh, 2015). Canakci et al. (2013) estimated that the total heating requirements for 
greenhouses in southern Turkey (a comparable climate to South Eastern Australia) could range 
up to 10.4 TJ/ha/year with an associated cost for coal heating of up to $151,220.60/ha/year. 
While the US Energy Information Administration (2015) forecast only moderate fossil fuel 
price escalations to 2040, the rapid price decrease of renewable and energy efficient 
technologies presents enticing opportunities for greenhouse growers to reduce ongoing fuel 
costs (Chai, Ma, & Ni, 2012).  
The use of GSHPs as the sole heating method for a greenhouse was only recently (after the 
beginning of this investigation) modelled (D’Arpa et al., 2016; Noorollahi et al., 2016) and has 
yet to be modelled in an Australian context.  
1.2 Design Greenhouse Specifications  
Modelling was completed for an existing Design Greenhouse located in Gatton, QLD 
(approximately -27.55°, 152.34°). The greenhouse design optimisation focussed on the 
adaptable parameters of insulation and thermal mass with all other parameters remaining fixed. 
The geometry of the greenhouse is shown in Figure 1.  
 
Figure 1: Greenhouse Design Schematic 
The dynamics of the heat pump were also fixed with empirical relationships from QGECE’s 
Gatton installation (raw data presented in Appendix A).  
1.3 Project Research Questions and Outcomes 
The overarching research questions which this investigation aimed to answer were:  
1. What is the optimal combination of thermal mass, insulation, heat exchanger area, heat 
pump output capacity and operational targets for a given GSHP heated greenhouse and 
location?  
2. What do to the net benefits of greenhouse heating need to be to make a heated 
greenhouse more viable than a passive greenhouse?  
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3. Is GSHP heating or conventional diesel heating economically optimal?  
The major outcomes which the project aimed to deliver were:  
 a model of the GSHP heated greenhouse system which, when provided with location 
specific climate data, is capable of determining:  
o the transient greenhouse temperature,  
o the transient ground temperature distribution, 
o the accuracy with which the greenhouse is maintained above its lower 
temperature limit, and 
o the heating load and performance of the heat pump; as well as 
 an assessment of the future feasibility of GSHP heated greenhouses in the Australian 
agricultural market.  
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2 Literature Review 
This section presents the logical progression of research that led to the identification of gaps in 
relevant literature and the subsequent formation of the project research questions. Additionally, 
it extends this research in order to outline the best path towards answering the research 
questions and achieving the project outcomes.  
2.1 Protected Cultivation  
Protected cultivation is the blanket term used to describe agricultural infrastructure which 
modifies the eco-system in which a crop is grown. Currently, protected cropping methods vary 
in size, cost and complexity, ranging from rudimentary technologies such as mulching and 
windbreaks up to precisely controlled high tunnels and greenhouses (Castilla, 2012). According 
to Wittwer and Castilla (1995) the most common goals of protected cultivation are:  
 increasing: growth rates, crop yields, crop qualities, growing season durations, 
harvesting times and geographical growing regions; and  
 decreasing: water usage, fertiliser usage and pesticide usage. 
These goals are typically achieved by controlling: temperature, light and radiation exposure, 
humidity, soil moisture content, soil nutrient content, air composition and ventilation.  
2.1.1 Protected Cultivation in Queensland 
As mentioned in Section 1, protected cultivation accounts for a significant portion of the 
Australian agricultural market however greenhouses are not as commonly used as more 
rudimentary techniques. Increased local interest in greenhouses has recently been demonstrated 
by the scheduled hosting of the International Symposium on Protected Cultivation in Tropical 
& Temperate Climates in Cairns which will include various presentations related to greenhouse 
cropping in subtropical Queensland (International Symposia on Tropical and Temperate 
Horticulture, 2016). Greenhouse cost and performance optimisation is a topical area of research 
which required further investigation.  
2.2 Greenhouses 
Greenhouses are permanent, sealable structures which are used to facilitate a high level of 
control in protected cropping operations. This control can facilitate up to 20 times the crop yield 
per unit area of standard cultivation and enable out of season production when prices can be up 
to six times more than during the typical growing season (Castilla, 2012; NZ Statistics, 2014). 
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However, these benefits come at the cost of significant capital expenditure (CAPEX) and also 
increased operational expenditure (OPEX) when compared to traditional cultivation methods.   
2.2.1 Usage and Proliferation  
Greenhouse agriculture accounts for almost 6% of global fruit, vegetable and flower production 
(Castilla, 2012). Table 1 shows the current estimated distribution of greenhouse production 
globally. The portion of this production which corresponds to greenhouses with heating 
capacity is unknown however some estimates put it between 30% and 50% (Castilla, 2012).  
Table 1: Geographic distribution of greenhouse production (Castilla, 2012) 
Location  Asia  Mediterran
ean  
Rest of 
Europe  
Americas Others  Total  
Greenhouse 
production 
(1000s of 
Ha)  
1630 201 45 25 14 1915 
Using the most recently reported Australian greenhouse production figures and forecast growth 
rates, the current Australian production is estimated to be approximately 8000 Ha. The primary 
greenhouse crops in Australia are tomatoes and cucumbers (Badgery-Parker, 2001).  
2.2.2 Greenhouse Design Characteristics  
The general greenhouse design criteria suggested by von Zabeltitz (2011) are:  
1. local climate,  
2. structural design requirements as specified by BS EN 13031 – 1:2001 – Greenhouses. 
Design and construction. Commercial production greenhouses, 
3. climate control,  
4. cost effectiveness with consideration for the life and availability of materials, and 
5. measures for integrated production benefits.  
This investigation deals with an established Design Greenhouse and climate, and given its 
context as an engineering investigation, evaluation of unfamiliar agronomics concepts would 
not be prudent. Therefore, only criterion 3 and 4 were considered to be pertinent.  
Of the climate control parameters identified in Section 2.1 temperature control (given sufficient 
PAR radiation (𝜆=400 – 700 nm) is the most important with regards to crop development and 
was therefore used for the focus of this investigation. Recommended greenhouse air 
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temperatures range between 10°C and 30°C depending on the type and growth stage of a crop. 
The transient temperature within a greenhouse is dependent upon energy and mass transfer 
processes within the greenhouse and between the greenhouse and the surrounding environment. 
These processes depend on a myriad of physical and operational greenhouse properties as well 
as external climatic variables (Castilla, 2012). 
2.2.3 Greenhouse Energy Balance  
At the simplest level, elevated temperatures in greenhouses occur because greenhouses are 
covered in high solar transmissivity materials which allow the majority of solar radiation 
(𝜆=300 – 1000 nm) to enter and heat the thermal mass inside the greenhouse. Elevated 
temperatures are then maintained because the covering material is relatively opaque to the far 
IR that the hotter thermal mass emits (𝜆=2 500 – 25 000 nm). Internal heat transfer between 
greenhouse components does occur but for small greenhouses the temperature of the entire 
greenhouse can be assumed to be uniform (Noorollahi et al., 2016).   
Figure 2 presents a balance for energy entering and exiting the greenhouse. The energy used 
for photosynthesis has been omitted from this balance as it is insignificant when compared to 
the other flows.  
 
Figure 2: Greenhouse Energy Flows (Castilla, 2012) 
Empirically derived global heat transfer coefficients are often used to combine flows 7, 8 and 
9. Flows 2 and 3 can be ignored by defining flow 1 as the combination of solar radiation which 
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is transmitted or absorbed by greenhouse cover.  Flows 5 and 10 are second order when 
compared to the other flows and are therefore often neglected (von Zabeltitz, 2011). Using these 
simplifications, the greenhouse energy balance can be expressed by Equation 1. Each energy 
term is briefly discussed below.  
 ?̇?𝑠𝑜𝑙𝑎𝑟 + ?̇?ℎ𝑒𝑎𝑡𝑖𝑛𝑔 = ?̇?𝑐𝑜𝑛𝑣𝑟𝑎𝑑 + ?̇?𝑙𝑒𝑎𝑘𝑎𝑔𝑒 + ?̇?𝑠𝑜𝑖𝑙−𝑎𝑖𝑟   Equation 1 
where: ?̇?𝑠𝑜𝑙𝑎𝑟 = solar radiation, ?̇?ℎ𝑒𝑎𝑡𝑖𝑛𝑔 = space heating, ?̇?𝑐𝑜𝑛𝑣𝑟𝑎𝑑 = combined convection and 
radiative heat transfer and ?̇?𝑠𝑜𝑖𝑙−𝑎𝑖𝑟= heat transfer between the soil and air  
2.2.3.1 Solar Radiation 
Solar radiation striking the greenhouse can be categorised as direct or diffuse radiation. Direct 
radiation comes directly from the sun (hits greenhouse from one direction) and diffuse radiation 
is radiation which has been diffused by clouds and atmospheric gasses (hits greenhouse from 
all directions). Diffusion is dependent upon geography, the time of year, and the weather. The 
balance of direct and diffuse solar radiation therefore varies throughout the year. Global solar 
irradiance is a combined measure of the intensity of both forms of solar radiation on a horizontal 
surface (Castilla, 2012). Figure 3 demonstrates how solar radiation is split when it hits the 
greenhouse.  
 
Figure 3: Radiation Split and Angle of Incidence (Castilla, 2012) 
The amount of energy transmitted into the greenhouse and the amount of energy absorbed by 
the greenhouse covering film are given by Equation 2 and Equation 3 .  
 ?̇?𝑠𝑜𝑙𝑡𝑟𝑎𝑛𝑠 = 𝜏𝑆  Equation 2 
 ?̇?𝑠𝑜𝑙𝑎𝑏𝑠 = 𝛼𝑆  Equation 3 
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where: ?̇?𝑠𝑜𝑙𝑡𝑟𝑎𝑛𝑠 = solar radiation transmitted, ?̇?𝑠𝑜𝑙𝑎𝑏𝑠 = solar radiation absorbed, 𝜏 = 
transmissivity, 𝛼 = absorptivity and S = global solar irradiance 
The transmissivity and absorptivity of the greenhouse covering material depend on the angle of 
incidence of the incoming solar radiation. The angle of incidence changes throughout the day 
and with radiation type (direct or diffuse), thus causing changes to absorptivity and 
transmissivity. The data required for any given point in time to rigorously model these changes 
are:  
 the amount of diffuse and direct solar irradiation; 
 the azimuth and altitude angle for a particular site; and  
 the relationships between angle of incidence and both transmissivity and absorptivity 
for the greenhouse covering material (Castilla, 2012).  
As all of this information is not readily available, global solar irradiance is often used in 
conjunction with global average transmissivity and absorptivity values. These values are 
averaged for the year and material (Castilla, 2012).  
2.2.3.2 Combined Convection and Radiation 
Combined convection and radiation can be described using a global heat transfer coefficient 
which accounts for all heat transfer between the greenhouse and its external environment caused 
by temperature differences between the two. This coefficient does not account for forced 
convection due to wind which is incorporated into the empirical relationship of Berroug, 
Lakhal, Omari, Faraji, and Qarnia (2011) for heat transfer due to leakage. Equation 4 expresses 
the combined convective and radiative heat transfer.  
 ?̇?𝑐𝑜𝑛𝑣𝑟𝑎𝑑 = ℎ𝐴𝐺𝐻(𝑇𝑎𝑡𝑚 − 𝑇𝐺𝐻) Equation 4 
where: h = the combined radiative and convective heat transfer coefficient, 𝐴𝐺𝐻 = surface area 
of greenhouse, atm = atmospheric and GH = greenhouse 
2.2.3.3 Leakage and Air Renewals  
The heat transfer due to air leakage and forced convection from a greenhouse is heavily 
dependent on the specific greenhouse covering and ventilation situation. However, this heat 
transfer can be approximated by the empirical relationship developed by Berroug et al. (2011) 
(Equation 5).  
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?̇?𝑙𝑒𝑎𝑘𝑎𝑔𝑒 =
𝑉𝐺𝐻𝜌𝑎𝑐𝑝𝑎 ×
(0.29 + 0.76𝑉𝑤)(𝑇𝑎𝑡𝑚 − 𝑇𝐺𝐻)
3600𝐴𝑔
 
Equation 5 
where: V = volume, a = air and 𝑉𝑤 = wind speed.   
2.2.3.4 Soil – Air Heat Transfer 
Heat transfer between the ground and air of the greenhouse is characterised by Equation 6. The 
temperature gradient in shallow soil layers is coupled with the air temperature. Some 
greenhouse models have omitted this heat transfer (Berroug et al., 2011), while others have 
accounted for it using empirically derived heat transfer coefficients (Ghosal & Tiwari, 2004); 
and others again, have solved the coupled ground and air temperature differential using 
numerical methods (Du, Bansal, & Huang, 2012). 
 ?̇?𝑟𝑎𝑑 = 𝑘𝐴𝑔
𝑑𝑇
𝑑𝑧
  
Equation 6 
where: k = thermal conductivity, Ag = the ground area of the greenhouse, T = temperature and 
z = depth.  
2.2.3.5 Heating  
Passive greenhouses dampen the effect of ambient temperature extremes on protected crops. 
However, in order to completely control temperature, especially at night, greenhouses require 
some form heating. The heating method chosen does not substantially effect the greenhouse 
energy balance when internal temperature distribution is not considered (Noorollahi et al., 
2016). 
2.2.4 Temperature Control System  
Most greenhouse temperature control systems can be categorised as progressive or non-
progressive methods. The level of control that these methods offer varies from short time scale 
maintaining of temperature (most common), to longer timescale optimisation of photosynthesis 
using models (yet to be fully realised) (Straten, 2011).  
Non-progressive methods trigger a system response when internal greenhouse temperatures 
reach / exceed designated set points. This “on/off” type response can be adjusted using delay 
times and average temperature set points (Straten, 2011).  
Progressive methods use control to keep the system within a range of designated set points. The 
most common types of progressive controllers are proportional (P), proportional-integral (PI) 
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and proportional-integral-derivative (PID) controllers. P controllers use the error between the 
target temperature and average actual temperature to proportionally change the heating. Using 
a PI controller, the change to heating is proportional to the integral of the error thus reducing 
temperature deviations with each time step. Adding derivative control speeds the reduction of 
deviations (Straten, 2011).  
For commercial greenhouses, where remaining within target temperature ranges is important 
but short deviations are allowable, the use of a P controller is recommended.  
2.2.5 Modelling Methods 
Thermal modelling has been completed for many variations of unheated and heated 
greenhouses. While the exclusion of a heat source does not render unheated models irrelevant, 
the specific scenario of this investigation warranted a finer focus on heated greenhouse 
literature.  
2.2.5.1 Transient Temperature Models 
One of the key modelling choices identified in literature was whether to model the greenhouse 
system as a lumped thermal mass with a uniform temperature, or whether to discretise space 
and model internal heat transfers.  
Greenhouse models which rigorously model internal spatial temperature distributions are ideal 
as plant growth is dependent on the air, plant and soil temperature. Jain and Tiwari (2003) 
developed a one-dimensional steady state model for a discretised, ground air collecting 
greenhouse. Their model calculated heat transfer with the ground as one dimensional and 
neglected radiative heat transfers between the walls, ceilings and plants. The greenhouse 
temperature was described by a first order differential equation which was solved using 
MATLAB and validated through a small scale experiment.  Using similar assumptions, Ghosal 
and Tiwari (2004) modelled a geothermally heated greenhouse with a thermal curtain and found 
that significant air temperature variations were predicted during heating. These findings were 
experimentally validated. Finally, again with similar assumptions, Du et al. (2012) modelled a 
greenhouse with a simple heat piping system. Finite differences were used to solve the unsteady 
conduction into the soil. This model was also validated but on a larger scale. 
Models which chose the lumped thermal mass approach all modelled the system using some 
form of Equation 7. These models tended to be more focussed on engineering questions related 
to heat supply. Included energy terms varied between models.  
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 𝐶𝑡ℎ  
𝑑𝑇
𝑑𝑡
= 𝐸𝑖𝑛 − 𝐸𝑜𝑢𝑡   Equation 7 
where: 𝐶𝑡ℎ = thermal mass, E = energy.  
Table 2 summarises the characteristics of a selection of pertinent lumped thermal mass models. 
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Table 2: Characteristics of Lumped Thermal Greenhouse Models 
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2.2.6 Summary of Greenhouse Modelling Findings  
2.2.6.1 Thermal Mass  
As validated models have assumed a constant internal greenhouse temperature and lumped 
thermal mass, no reason was evident to choose a more complex model, especially in this 
investigation which was more focussed on heating requirements than greenhouse microclimate. 
Therefore, a lumped thermal mass model was used.  
2.2.6.2 Energy Balance  
Again, as validated models have well as used global heat transfer and transmissivity values, 
whilst also omitting ground energy transfer, so too did this study.  
2.2.6.3 Control  
As the majority of the literature investigated made no reference to control, non-progressive 
controller was used.  
2.3 GSHPs  
2.3.1 Background  
Like all heat pumps, GSHPs are designed to absorb heat from a low temperature source and 
supply the heat to a high temperature sink. This makes heat pumps ideal for applications in 
which a thermal reservoir is present (Cengel & Boles, 2015). GSHPs use the ground as an 
approximate thermal reservoir by utilising the fact that the temperature at depths greater than 
15m below the surface of the earth remains relatively constant (Kavanaugh, Rafferty, & 
American Society of Heating, 2014). However, the ground is not a perfect thermal reservoir 
and the long-term operation of GSHPs can change local equilibrium ground temperatures. This 
can be especially prevalent, and problematic for efficiency, when GSHPs have unbalanced 
annual heating and cooling loads. 
Work input is required to facilitate GSHP heat transfer but for an efficient system this input is 
significantly less than the amount of heat transferred. The efficiency of heat pumps is 
represented by their COP as given by Equation 8.  
 𝐶𝑂𝑃ℎ𝑒𝑎𝑡𝑖𝑛𝑔 =
𝑇𝐻
𝑇𝐻 − 𝑇𝐿
=
𝑄𝐻
𝑊𝑛𝑒𝑡,𝑖𝑛
 
Equation 8 
where: H = high, L = low and W = work.  
It is evident that the efficiency of the heating process will increase with a decreasing difference 
between TH and TL. As the temperature of the earth is closer to the desired operating temperature 
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of the greenhouse than the external air, GSHPs are more efficient in the context of this 
investigation than air source heat pumps (ASHPs). 
2.3.2 Usage and Proliferation 
GSHPs were developed in 1970s USA. Since the commercialisation of GSHPs, the overall 
capacity, geographic distribution and rate of GSHP installations has steadily risen. The annual 
compounded growth rate of global energy production from GSHPs in recent years has been 
reported between 7.5% and 10% (Kwak, You, Oh, & Jang, 2014; Younis, Bolisetti, & Ting, 
2010). Beurskens (2011) also predicted that the number of GSHP installations in the EU will 
triple by 2020. Studies such as these demonstrate the growing industrial and consumer demand 
for GSHPs.   
Goetzler, Zogg, Lisle, and Burgos (2011) reported a global GSHP capacity of 15400 MWt. 
Figure 1 shows (a) the distribution of this capacity between continents and (b) the distribution 
of the capacity of the six highest capacity countries.   
 
Figure 4: Distribution of global GSHP capacity (a) By continent (b) By country – for six highest capacity countries (Goetzler 
et al., 2011) 
It is evident that the majority of GSHP installations are located in cold climate, developed, 
Northern Hemisphere nations. It is perhaps then unsurprising that minimal literature relating to 
GSHP installations in warmer climates, particularly in Australia, exists.  
Space heating and cooling accounts for 41% of Australian residential energy usage (Department 
of the Environment, Water, Heritage and the Arts, 2008). Much of this energy usage occurs in 
population centres where potential GSHP installations would be cost effective because of 
significant seasonal temperature variations (Jacques et al., 2010). However, Omer (2015) 
reported that the 2008 combined annual energy output of GSHP installations in Australia was 
only approximately 0.3 PJ, equating to 0.2% of the energy used for residential space heating 
and cooling. Older data presented by Harries, McHenry, Jennings, and Thomas (2006) reported 
(a) (b) 
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a 2001 Australian GSHP capacity of 24 MW, equating to 0.07% of the national capacity at the 
time (Australian_Energy_Regulator, 2016). This study also stated that the approximate growth 
rate of installed Australian GSHP capacity in 2001 was 50% p.a however, given the age of the 
data it would not be prudent to assume a similar current growth rate. 
The reasons behind the lack of GSHP proliferation in Australia are unclear. The work of Dowd, 
Boughen, Ashworth, and Carr-Cornish (2011) suggests that, while although the majority of the 
Australian public are supportive of renewable energy initiatives, they report to knowing little 
about geothermal energy. This study also identified public concerns relating to the safety of 
geothermal drilling operations and water usage. Carr-Cornish and Romanach (2014) found that 
after members of the public had been educated about direct geothermal energy production, the 
majority would prefer that geothermal operations were not near residential areas. It must be 
noted that these studies were related to general geothermal energy and not GSHPs specifically, 
however both studies suggest that public perception appears to be a significant barrier to GSHP 
development in Australia. General barriers to GSHP development and factors which may also 
contribute also to the lack of GSHP proliferation in Australia, include:  
 the requirement of installation and location specific analysis of suitability, design and 
engineering;  
 the fact that the majority of market data is the intellectual property of a small number of 
private companies and commercial in confidence; and  
 a lack of government provided incentives (such as those available in the USA and 
China) for GSHP development (Goetzler et al., 2011). 
The lack of literature or available data related to GSHP usage in Australia justifies further 
investigation.  
2.3.3 Design Characteristics 
While a variety of GSHP ground heat exchanging designs exist, the system installed by the 
University of Queensland, is a closed loop, indirect circulation system comprising of single U-
tube BHEs. In this type of system, the refrigerant is confined to the heat pump as shown in 
Figure 2. Only the design of the system type described above was considered.  
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Figure 5: Single U-tube, closed loop indirect circulation BHE GSHP  
2.3.3.1 Borehole Characteristics 
Single U-tube boreholes are normally 40 – 200m deep and up to 200mm in diameter. Piping 
materials vary but are generally some form of HDPE. One leg of the U-tube is generally 
insulated to prevent heat transfer between legs. The region between the piping and soil is filled 
with high thermal conductivity grout to improve heat transfer. Heat transfer in these boreholes 
is facilitated by conduction through the ground, grout and pipe, and convection in the fluid. If 
groundwater flow is present, advection also occurs through the ground (Banks, 2008).  
Heat transfer through the ground is considered in the majority of literature related to long term 
GSHP performance and modelling (Montagud, Corberán, & Ruiz-Calvo, 2013). This 
consideration requires the thermal properties of the ground including thermal conductivity, heat 
capacity, density, permeability and porosity. Ground stratification and the associated variations 
in the thermal properties of the ground were not considered in this investigation. The presence 
of groundwater and the associated soil saturation alter the ground properties for given soil 
porosities. Advection and the effects of groundwater flow on GSHP models is well understood 
in literature and has been investigated in many studies (Diao, Li, & Fang, 2004; Esen, Esen, & 
Inalli, 2007; Molina-Giraldo, Blum, Zhu, Bayer, & Fang, 2011). Groundwater flow has also 
been neglected from various GSHP models which have been validated with experimental data 
(Lee, 2011; Liu, Xiao, Inthavong, & Tu, 2015; Montagud et al., 2013). Groundwater flow will 
therefore not be considered in this investigation because of the pre-existing understanding of it 
in literature and the demonstrated accuracy of models which exclude it.  
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The temperature of the ground, even at significant depths, is not constant. To a certain depth 
(generally around 10m) temperatures change daily as a result of differing air temperatures and 
solar radiation. However, at 10m, temperature variations become solely dependent on the 
geothermal gradient. Polak and Horsfall (1979) reported an average geothermal gradient of 
0.048oC/m over a sampling area which included locations just west of Gatton. Eskilson (1987) 
showed that errors in ground heat extraction performance when the initial shallow ground 
temperature was set to the undisturbed ground temperature were less than 1%. This error is 
insignificant when compared to that of cost correlations and escalation factors which were used 
in the economic optimisation of this investigation. Therefore, variations in the shallow ground 
temperatures were not considered in the model.  
As mentioned in Section 2.3.1, the ground is not a perfect thermal reservoir and long term 
ground temperatures can be altered as a result of GSHP operation. These temperature changes 
impact system performance and must be carefully considered when designing the configuration 
of a field of BHEs as thermal interactions between BHEs, may result in portions of the ground 
with extreme temperatures. Modelling of a single BHE can be completed with a 2D model 
(depth and radial dimensions) whereas a model which incorporates interactions of multiple 
boreholes requires a more complex and computationally demanding 3D model (Ozudogru, 
Ghasemi-Fare, Olgun, & Basu, 2015). Koohi-Fayegh and Rosen (2013) identified that certain 
modelling studies have dealt with thermal interactions between boreholes by determining a 
minimum spacing distance for which interactions will be negligible. This spacing distance is 
determined by modelling a single BHE with adiabatic far field boundary conditions and 
adjusting the position of these boundary conditions until long term temperatures remain 
unchanged at the boundaries.  
2.3.3.2 Heat Pump Characteristics  
The majority of GSHP literature focusses upon the modelling and performance of the BHE with 
little reference to the actual heat pump system. This approach was also used for this 
investigation. The empirical dynamics of a heat pump were used.  
2.3.4 BHE Modelling Methods  
The modelling of GSHPs is generally completed in order to design a BHE field (including BHE 
sizing, number and spacing) and to then simulate the performance of a heating load (such as a 
building) which is connected to the GSHP. Modelling is also often also completed in order to 
determine the thermal response of the ground in different locations (Koohi-Fayegh & Rosen, 
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2013). The models related to GSHP design primarily focus upon the modelling of the BHE and 
can be broadly categorised as analytical or numerical methods or in some cases a combination 
of the two (response factor models) (Koohi-Fayegh & Rosen, 2013).  
2.3.4.1 Analytical Models  
Analytical models use a series of assumptions to simplify the transient heat transfer in and 
surrounding a BHE. Generally separate models are used to described heat transfer within the 
BHE and heat transfer in the soil surrounding the BHE. These models require significantly 
shorter computation times than numerical models.  
2.3.4.1.1 Heat Transfer Within the BHE 
The modelling of heat transfer within the BHE is completed to determine the inlet and outlet 
temperatures of the heat exchanging fluid or the heat supplied to it. The heat transfer is 
dependent on: the thermal properties of the fluid, pipe and grout; the geometric configuration 
of the piping; and the fluid / flow properties (Koohi-Fayegh & Rosen, 2013). Most literature 
considers axial heat transfer through the pipe and grout as negligible however there are obvious 
axial variations in the temperature of the fluid. When radial and axial components are 
considered the heat transfer in the borehole can be expressed using Equation 9 (Ozudogru et 
al., 2015).  
 𝜕𝑇
𝜕𝑡
=  𝑉
𝜕𝑇
𝜕𝑧
+
2𝑘𝑝
𝜌𝑓𝐶𝑝𝑓𝑟𝑝
 
𝜕𝑇
𝜕𝑟
 
Equation 9 
where: t = time, V = velocity, p = pipe, f = fluid, 𝜌 = density, 𝐶𝑝 = specific heat capacity and r 
= radius.  
Models of heat transfer within the BHE can be categorised as one, two or quasi – three 
dimensional models. In literature reviews both Koohi-Fayegh and Rosen (2013) and Yang, Cui, 
and Fang (2010) compared the merits of these models. Table 3 (adapted from Koohi-Fayegh 
and Rosen (2013)) compares the capabilities of these models. 
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Table 3: Comparison of analytical methods for modelling heat transfer within BHE 
Capabilities / Considerations  1D 2D Quasi 3D 
Symmetric disposal of U-tube  Yes Yes Yes 
Quantification of cross section thermal resistance   No Yes Yes 
Thermal interference of U-tube legs  No No Yes 
Distinction between entering and exiting pipes No No Yes 
Axial heat transfer in fluid flow  No No Yes 
The quasi 3D model is not significantly more computationally demanding than the 1D or 2D 
model. The developers of the quasi 3D model showed that it was more accurate than 1D and 
2D models and recommended its use in GSHP design. The implementation of the quasi 3D 
model (as presented in 等 (2003)) is significantly more complex than the 1D or 2D models. 
Furthermore, none of these models are particularly well suited to establishing dynamic 
responses for short time frames (Koohi-Fayegh & Rosen, 2013). 
2.3.4.1.2 Heat Transfer Outside of the BHE 
Models for heat transfer outside of the BHE are used in different studies for different purposes. 
Models used in design based activities are generally concerned with determining the 
temperature of the borehole surface, whereas long term performance based studies are more 
interested in the effects on ground temperature. When insignificant, yet complicating, factors 
such as groundwater flow are not considered the heat transfer in the soil surrounding the BHE 
is a diffusion problem governed by Equation 10 (expressed in cylindrical coordinates).  
 𝜕2𝑇
𝜕𝑟2
+
1
𝑟
𝜕𝑇
𝜕𝑟
+ 
1
𝑟2
𝜕2𝑇
𝜕𝜃2
+
𝜕2𝑇
𝜕𝑧2
+
?̇?𝑔𝑒𝑛
𝑘
=
1
𝛼
𝜕𝑇
𝜕𝑡
  
Equation 10 
where: 𝜃 = zenith angle, ?̇?𝑔𝑒𝑛 = heat generated and 𝛼 = thermal diffusivity.  
Ingersoll, Zobel, and Ingersoll (1955) developed the line source model which considers the 
BHEs as infinitely long line sources of heat and thus ignores the thermal properties of materials 
within the BHE and the geometries of the BHE. This model assumes radial heat transfer normal 
to the fluid flow direction and is therefore incapable of calculating ground temperatures below 
the borehole. The original line source model has been improved through the incorporation of 
numerical response factors in many studies including: 
 Eskilson (1987) who used finite difference methods to introduce ‘g functions’ – thermal 
response factors which can be used to analyse axial temperature changes; 
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 Zeng, Diao, and Fang (2002) who developed a widely used line source model for a finite 
length BHE; and  
 Lamarche and Beauchamp (2007) who developed a new expression for the g-function 
which offers better solution accuracy. 
The cylinder source model, originally introduced by Carslaw and Jaeger (1947) uses similar 
assumptions to the line source model but instead models the borehole as a cylinder with a 
constant heat transfer rate or surface temperature. Despite improvements which have been made 
to the line and cylinder source models, the simplifying assumptions of the models continue to 
limit their accuracy, particularly for long simulation times (Koohi-Fayegh & Rosen, 2013).  
2.3.4.2 Numerical Methods  
Numerical methods do not require the use of certain assumptions, which can cause 
oversimplification related problems when dealing with short or very long time scale analytical 
GSHP simulations. When using numerical methods, it is also easier to account for factors such 
as ground layering and groundwater flow. However, this improved accuracy comes at the cost 
of computational time as a fully three-dimensional discretised model considers a semi infinitely 
large solution volume. Two dimensional numerical models have been developed in order to 
improve computational times but they require many of the same assumptions as analytical 
models (Yavuzturk, Spitler, & Rees, 1999). A variety of numerical methods and software 
packages have been used in the analysis of GSHPs. 
Various finite difference (FD) models have been developed and validated with experimental 
GSHP data (Ozudogru et al., 2015; Rottmayer, Beckman, & Mitchell, 1997). Similarly, various 
studies have developed, used and validated finite element models (Muraya, ONeal, & 
Heffington, 1996; Nam, Ooka, & Hwang, 2008). FEFLOW is a widely used finite element 
program ideal for scenarios which consider groundwater flow through porous or fractured 
ground (Diersch, 2014). GLHEPRO and TRNSYS are also widely used software packages for 
GSHP simulation and models made with both have been experimentally validated (Montagud 
et al., 2013). Validated finite volume methods have also been developed (Z. Li & Zheng, 2009). 
Finally, commercial CFD packages such as ANSYS-CFX, have been used to model long term, 
large spatial domain GSHP scenarios with validated results (S. Li, Yang, & Zhang, 2009; Liu 
et al., 2015).  
These studies did not justify or give reason for their choice of model. It was therefore unclear 
if there were any advantages associated with using a complex model instead of a simpler finite 
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difference model. Furthermore, the purchasing of user rights to software packages could not be 
justified when a more easily controllable and validated model existed. A FD model was 
therefore used in this investigation. 
2.3.4.2.1 Implementation of FD model  
FD models can be widely categorised as implicit or explicit methods. The key criteria to 
consider when choosing a specific FD method are: the implementation effort, computational 
effort, stability and truncation error.  
Explicit FD models use the values at and spatially surrounding a point to iterate through time 
and calculate the future values of the point. Implicit FD methods, also use the future values 
spatially surrounding a point to calculate the future value of the point. As these surrounding 
future values are unknown, equations describing the relationships between points must be 
stored and solved at the end of the simulation. Table 4 ranks (3 as best) commonly used FD 
methods based against the key criteria.  
Table 4: Finite Difference Criteria 
FD Method  Computational 
Complexity  
Computational 
Effort (for set 
steps)  
Stability  Stability 
Considered 
Effort  
Truncation 
Error  
Forward in 
time centred in 
space (FTCS) 
– Explicit  
3 3 Conditional – 
based upon 
Courant 
Stability 
Criterion 
1 – limits on 
step size 
leads to 
more 
iterations 
=2 
 𝑂((Δ𝑥)2 +
(Δ𝑦)2 + Δ𝑡)  
Backward in 
time centred in 
space (BTCS) 
– Implicit  
2 2 Unconditional  3 – large 
steps still 
provide 
stable 
solution  
=2 
 𝑂((Δ𝑥)2 +
(Δ𝑦)2 + Δ𝑡) 
Crank 
Nicholson(CN) 
– Implicit  
1 1 Unconditional  2 – same as 
FTBS 
3  
 𝑂((Δ𝑥)2 +
(Δ𝑦)2 +
(Δ𝑡)2) 
This analysis shows that the CN method would provide better accuracy for a given level of 
computation effort. However, FTCS was chosen as the FD method to be used in this 
investigation as it is easier to implement and the investigation is not severely time constrained. 
A stability study will be conducted to determine the step sizes required for stability and efforts 
will be made to balance truncation error and computation efficiency.  
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2.3.4.3 Summary of BHE modelling findings  
The findings with regards to the modelling of BHEs can be summarised as follows:  
 numerical models were found to provide more accurate results for long simulation times 
when compared to analytical models;  
 no significant advantages relating to the use of a specific numerical method were 
identified; 
 a finite difference model was the simplest model identified which was validated with 
experimental data; 
 the complications associated with the interactions of multiple BHE can be avoided by 
determining a minimum spacing distance for negligible interactions through the use of 
adiabatic far field boundary conditions; 
 explicit finite difference methods are the easier to implement than implicit methods but 
are only conditionally stable; and 
 truncation error is inherent of all FD methods and must be controlled.  
Considering these findings, the following decisions with regards to modelling were made:  
 a numerical model was used in this investigation;  
 finite differences were the numerical modelling tool used; 
 FTCS was the FD method used with time and spatial steps chosen to maintain stability 
and minimise truncation errors to acceptable levels; and  
 far field adiabatic boundary conditions were used.  
The model used in this investigation will be based upon the model developed by Ozudogru et 
al. (2015).  
2.4 Economic Viability  
2.4.1 Project Evaluation  
Net Present Value (NPV) is the most commonly used metric for determining the attractiveness 
of a project. When using NPV, all cash flows are discounted to the present time using Equation 
11.  
 
𝑁𝑃𝑉 = −𝐶𝐴𝑃𝐸𝑋 +
𝑝𝑟𝑜𝑓1 − 𝑂𝑃𝐸𝑋1
1 + 𝑟
+
𝑝𝑟𝑜𝑓2 − 𝑂𝑃𝐸𝑋2
(1 + 𝑟)2
+ ⋯
𝑝𝑟𝑜𝑓𝑛 − 𝑂𝑃𝐸𝑋𝑛
(1 + 𝑟)𝑛
 
Equation 11 
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where: CAPEX = capital expenditure, prof = profit, OPEX = operation expenditure and r = 
discount rate.  
Any project with an NPV greater than zero should be accepted and when projects are mutually 
exclusive, the project with the higher NPV should be accepted (Berk & DeMarzo, 2014).  
The revenue streams of a greenhouse operation do not depend on the specific heating method 
used, so long as both methods provide the same amount of heat at the same times. Net Present 
Cost (NPC) was therefore used to evaluate the attractiveness of each heating method.  
For this investigation, the increase in annual profit (net benefit) required to ensure a positive 
NPV was modelled as an annuity using Equation 12.   
 
𝐶 =
𝑁𝑃𝐶(𝑟 − 𝑖)
1 − (
1 + 𝑖
1 + 𝑟)
𝑛 
Equation 12 
where: C = annual net benefit, i = interest rate and n = number of years.  
The rate at which cash flows are discounted should reflect the opportunity cost of capital. In a 
study commissioned by the Australian Government Productivity Commission, Harrison (2010) 
proposed that 8% p.a is an appropriate long term discount rate for Australian businesses.  
Calculating future cash flows also required an estimate of long term interest rates. The average 
rate over the last 20 years of 4.9% was used.  
2.4.2 Costs  
2.4.2.1 Greenhouse  
Costs were only required for the addition of thermal mass and insulation to the greenhouse as 
these were the only parameters which were altered in the model. Castilla (2012) proposes 
reasonable costs for these parameters. 
2.4.2.2 GSHP  
The majority of GSHP costing data for Australian systems is commercial in confidence. 
Furthermore, almost all GSHP costing data relates to space heating and cooling in buildings 
where more surface infrastructure is required compared to greenhouses. As no other avenues 
were available, this overseas, building orientated costing data was used with awareness of 
potential inaccuracies.  
Modelling and Optimisation of a Ground Source Heat Pump Heated Greenhouse 24 
2.4.2.2.1 Installation and Equipment Costs  
Kavanaugh et al. (2014) collected data for 16 GSHP systems in the Southern United States and 
when results were adjusted for inflation and price changes, the average GSHP system CAPEX 
was 2190 USD per kW of capacity. On average, the ground loop accounted for 32.2% of this 
cost at 706 USD/kW with a cost of 47 USD per metre of ground heat exchanger. Zhu, Tao, and 
Rayegan (2012) reported an average CAPEX of 2725 USD/kW for 60 Department of Defence 
Installations in Tennessee and Florida. Finally, D’Arpa et al. (2016) used a system that required 
807 USD/kW of CAPEX in their model for greenhouse heating. This greenhouse value differs 
significantly from the buildings values. It was decided that the empirical data of Kavanaugh et 
al. (2014) would be more appropriate for use in this investigation than the theoretically 
modelled greenhouse values. This approach presented risks in overestimating the cost of the 
system.  
D’Arpa et al. (2016) and Zhu et al. (2012) reported that initial CAPEX costs of conventional 
systems were 45% and 58% of the cost of GSHP systems respectively. An average of these 
values was used in this investigation giving the diesel system a CAPEX of 1128 USD/kW.     
2.4.2.2.2 Maintenance Costs 
Zhu et al. (2012) presented combined historical maintenance data for a variety of GSHP 
systems. Averaging maintenance costs over the life of the system and adjusting to 2016 dollars, 
the average maintenance cost per year of operation was calculated as 88 USD per kilowatt of 
capacity. It was assumed that the maintenance cost per year of operation for the diesel system 
was also 88 USD per kilowatt of capacity. 
2.4.2.2.3 Energy Costs  
The regulated electricity price for regional QLD small businesses in 2016 was 28.565 c/kWh 
(Queensland Competition Authority, 2016). Real prices in QLD are predicted to change by an 
annual average of -1.4% from 2016-2021, 1.5% from 2021-2026 and 0.5% from 2026-2036 
(Australian Energy Market Operator, 2016).  
Diesel greenhouse heaters are approximately 80% efficient (Castilla, 2012). A current diesel 
price of 12.82c/kWh was calculated for this project and an annual average real increase of 2.2% 
was used (Energy Information Administration, 2015).  
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2.4.3 Potential Net-Benefits  
Determining the exact net-benefits which can be gained from greenhouse heating is an 
agronomical question that was deemed to be outside of the scope of this investigation. However, 
in order to make general conclusions with regards to the feasibility of greenhouse heating, an 
envelope calculation was completed to estimate the potential net benefits of heating. This 
calculation was performed for a tomato crop. 
Department of Agriculture and Fisheries (2010) reported that the average yield of field 
cultivated tomatoes crops was 51.83 ton/ha with an associated production cost of $10,000/ha. 
Castilla (2012) reported that tomato yields in a passive and heated greenhouses can be increased 
by 300% and 1000% respectively when compared to unprotected cropping. It was assumed that 
production costs (excluding heating) were also scaled by these figures because of increased 
fertiliser requirements. It was also assumed that the use of passive and heated greenhouses 
allowed produce to be brought to market at 50% and 100% of the maximum cyclic price 
respectively. At Brisbane wholesale markets this translated to $2/kg for passive greenhouses 
and $3/kg for heated greenhouses (Department of Agriculture and Fisheries, 2010).  
2.4.3.1 Summary of Literature Review 
A comprehensive literature review was completed and it was determined that:  
 GSHPs have and will continue to proliferate around the world but there is yet to be 
significant user uptake in Australia; and 
 very little literature related to the use of GSHPs in an Australian context existed.  
These points identified the gaps in literature that the research questions were developed to fill. 
Modelling choices for the greenhouse, BHE and cost components of the model were then 
justified with the further review of prior art.   
  
Modelling and Optimisation of a Ground Source Heat Pump Heated Greenhouse 26 
3 Modelling Methodology 
The ensuing section details the development of the model, beginning with a physical model and 
progressing to the numerical model.  
3.1 Model Description 
A FTCS FD numerical model was used to simulate the behaviour of the BHE and was linked 
with a time series lumped thermal mass model of the Design Greenhouse by using the empirical 
heat pump dynamics. Figure 6 provides a diagrammatic overview of the model. All model 
assumptions and details are addressed in the ensuing sections.    
 
Figure 6: Diagrammatic Description of Model 
3.1.1 Required Outputs 
The required model outputs were: 
 the transient greenhouse temperature,  
 the transient ground temperature distribution, 
 the accuracy with which the greenhouse is maintained above its lower temperature limit, 
and  
 the heating load and performance of the heat pump.  
3.1.2 Parameters for Optimisation  
Global optimisation techniques (simulated annealing, genetic algorithms, etc.) were impractical 
for use in this investigation’s multifactorial optimisation because of the model’s long running 
times. Therefore, the results of the model for various input parameters were collated in order to 
compare the relative importance of:  
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 insulation and thermal mass (greenhouse design choices); 
 GSHP maximum output capacity and lower temperature limit for greenhouse 
(operational choices); and 
 GSHP maximum output capacity and BHE well length. 
3.1.3 Optimisation Metrics 
The relative importance of the optimisation parameters was evaluated by calculating a range of 
metrics for each combination. These metrics were:  
 reliability metrics;  
1. total time under lower temperature limit,  
2. longest time (per occurrence) under lower temperature limit,  
3. average time (per occurrence) under lower temperature limit,  
4. sum of squared error (for greenhouse temperatures less than the lower 
temperature limit), 
 heat pump load and performance metrics;  
5. total electrical work required, 
6. total heating supplied, 
7. total COP,  
8. total heating deficit (extra heat required to keep the greenhouse above lower 
limit temperature),  
 cost metrics;  
9. system NPC, and  
10. additional annual net benefit required (2016$) for positive NPV.  
Metrics 1,2 and 9 were identified as the most important in terms of the overall viability of the 
system. Optimisation for the comparison of well length and output capacity was completed by 
determining the relative performance of each combination for these metrics and weighting the 
metrics to determine an overall standardised score. The relative performance of each design, 
for a given metric, was determined by calculating and linearly transforming the Z-scores for 
each design to range between 0-1. Equation 13 was used to calculate the Z score and Equation 
14 gives the linearly transformed Z-scores between 0 and 1.  
 𝑧 =
𝑥 − 𝜇
𝜎
  
Equation 13 
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 𝑧𝑡𝑟𝑎𝑛𝑠 =
𝑧 + 𝑧𝑚𝑖𝑛
𝑧𝑚𝑎𝑥 +   𝑧𝑚𝑖𝑛
 
Equation 14 
where: z = z-score, x = metric performance, 𝜇 = the mean of metric performance values, 𝜎 = 
the standard deviation of metric performance values, min = minimum metric performance 
value, max = maximum metric performance value and trans = transformed score.  
An overall score for each design was determined by weighting each metric score. Three 
weighting scenarios were considered:  
 cost focus (Metric 1: 18.75%, Metric 2: 6.25%, Metric 9: 75%); 
 cost and reliability balanced focus (Metric 1: 37.5%, Metric 2: 12.5%, Metric 9: 50%); 
and  
 reliability focus (Metric 1: 56.25%, Metric 2: 18.75%, Metric 9: 25%).  
3.1.4 Assumptions and Design Choices 
Assumptions / model design choices are introduced here for reader awareness but justified and 
discussed further in component specific sub sections. A selection of major assumptions / 
choices directly dictated the design of the model. These assumptions / choices and their effect 
on the model were:  
 global average transmissivity and absorptivity used –solar inclination angle model not 
required;    
 the omission of groundwater flow – allowed BHE to be accurately modelled in two 
dimensions (radial and depth);  
 thermostatic control – dictated when heating would be provided and the amount of 
heating required;  
 lumped thermal mass greenhouse – greenhouse internal temperature could be modelled 
as uniform with no spatial variations;  
 the borehole temperature profile with depth was linearly distributed between the top and 
bottom temperatures which were equal to the fluid inlet and outlet temperatures 
respectively – allowed the omission of heat transfer inside the borehole from the model; 
and  
 the use of empirical heat pump dynamics – modelling of heat pump dynamics could be 
ignored. 
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A selection of other assumptions / choices were made which, through the review of prior art, 
were determined to have an insignificant or minor effect on the accuracy of the model results. 
These assumptions / choices were:  
 no humidity or condensation was present in the greenhouse;  
 the thermal mass of plants was omitted; 
 photosynthesis, evapotranspiration and heat exchange with the ground were not 
included; 
 diffuse solar radiation entering through the greenhouse walls was not considered,  
 empirically derived combined convective and radiative heat transfer coefficients were 
used to quantify the heat transfer due to temperature differences between the greenhouse 
and ambient air; 
 the greenhouse insulation could be changed without any change to: the greenhouse 
structure, the optical properties of the covering material, and the air leakage properties 
of the greenhouse; 
 up to a certain point, thermal mass (water), could be added to empty greenhouse spaces 
with no decrease in cropping area; 
 2015 was used as a representative design year without any statistical analysis of 
extremes which occur from year to year;  
 climate data was minutely invariable;  
 all greenhouse properties (density, specific heats, thermal conductivities, etc.) were 
temperature invariant; 
 the properties of the ground (including its initial temperature) were uniform at all 
depths; 
 there was no heat transfer between the ground and surface air; 
 thermal contact resistances were negligible; 
 effects of shallow ground temperature variations were negligible; 
 conduction was the only form of heat transfer in the ground, and  
 the energy used by pumping equipment was negligible. 
3.2 Physical Model  
A physical model of the system was developed as a precursor to the numerical model. The 
physical relationships and characteristics of the system were introduced throughout Section 2.  
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3.2.1 Greenhouse  
The temperature of the lumped thermal mass greenhouse is derived from an energy balance of 
heat flowing into and out of the system. Section 2.2.3 provides an explanation of each energy 
term and justification for its inclusion / exclusion from the model. Equation 15 describes this 
energy balance.  
 𝐶𝑡ℎ
𝜕𝑇
𝜕𝑡
= ?̇?𝑠 + ?̇?𝑐𝑜𝑛𝑣 + ?̇?𝑟𝑎𝑑 + ?̇?𝑙𝑒𝑎𝑘 + ?̇?ℎ𝑒𝑎𝑡  
𝐶𝑡ℎ
𝜕𝑇
𝜕𝑡
= 𝑆(𝜏 + 𝛼) +
ℎ𝑐𝑟𝐴𝐺𝐻 + 𝑚𝑎𝐺𝐻𝑐𝑝𝑎
(0.29 + 0.76𝑉𝑤)
3600𝐴𝑔
(𝑇𝑎𝑡𝑚 − 𝑇𝐺𝐻) + ?̇?ℎ𝑒𝑎𝑡  
Equation 15 
3.2.2 BHE  
The heat transfer in the borehole can be described in two dimensions (depth and radius) by 
considering an axisymmetric plane through centre of the borehole. Heat transfer within the BHE 
is governed by the heat balance shown in Equation 16. This equation omits any of the fluid’s 
convective resistance in the radial direction.  
 𝜕𝑇
𝜕𝑡
=  𝑉
𝜕𝑇
𝜕𝑧
+
2𝑘𝑝
𝜌𝑓𝐶𝑝𝑓𝑟𝑝
 
𝜕𝑇
𝜕𝑟
 
Equation 16 
Equation 17 gives the heat diffusion into the soil and grout.  
 𝜕2𝑇
𝜕𝑧2
+
1
𝑟
𝜕𝑇
𝜕𝑟
+
𝜕2𝑇
𝜕𝑟2
=
1
𝛼
𝜕𝑇
𝜕𝑡
  
Equation 17 
Equation 18 gives the heat transferred via conduction between the borehole and ground. 
Integrating between two consecutive radial points gives Equation 19.  
 ?̇?𝐵𝐻𝐸 = 𝑘𝐴
𝑑𝑇
𝑑𝑟
  
Equation 18 
 ?̇?𝐵𝐻𝐸 = 2𝑘𝜋𝑧
Δ𝑇
ln (
𝑟2
𝑟1
)
  
Equation 19 
3.2.3 Heat Pump and Linking of BHE and Greenhouse  
Equation 20 presents an energy balance for the heat pump, which uses Equation 8 to incorporate 
COP.  
 ?̇?ℎ𝑒𝑎𝑡𝑖𝑛𝑔 = ?̇?𝐵𝐻𝐸 + 𝑊𝐻𝑃 Equation 20 
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?̇?ℎ𝑒𝑎𝑡𝑖𝑛𝑔 = ?̇?𝐵𝐻𝐸 +
?̇?ℎ𝑒𝑎𝑡𝑖𝑛𝑔
𝐶𝑂𝑃
 
?̇?𝐵𝐻𝐸 = ?̇?ℎ𝑒𝑎𝑡𝑖𝑛𝑔 (1 −
1
𝐶𝑂𝑃
) 
Equating Equation 19 and Equation 20 in order to ensure the conservation of energy across the 
entire system gives Equation 21. 
 2𝑘𝜋𝑧
Δ𝑇
ln (
𝑟2
𝑟1
)
= ?̇?ℎ𝑒𝑎𝑡𝑖𝑛𝑔 (1 −
1
𝐶𝑂𝑃
)  
Equation 21 
3.3 Numerical Modelling  
As outlined in Section 2.3.4.2, numerical modelling was required to ensure that the BHE results 
were accurate for long simulation times. A combination of forward and centre FD expressions 
(Equation 22 - Equation 26) were used to replace all of the differential expressions in Equation 
15 - Equation 21.  
 𝜕𝑇
𝜕𝑡
=
(𝑇𝑖,𝑗
𝑡+1 − 𝑇𝑖,𝑗
𝑡 )
Δ𝑡
  
Equation 22 
 𝜕𝑇
𝜕𝑧
=
𝑇𝑖,𝑗+1
𝑡 − 𝑇𝑖,𝑗
𝑡
Δ𝑧
 Equation 23 
 𝜕𝑇
𝜕𝑟
=
𝑇𝑖,+1𝑗
𝑡 − 𝑇𝑖,𝑗
𝑡
Δ𝑟
 Equation 24 
 𝜕2𝑇
𝜕𝑟2
=
𝑇𝑖+1,𝑗
𝑡 − 2𝑇𝑖,𝑗
𝑡 + 𝑇𝑖−1,𝑗
𝑡
(Δ𝑟)2
 
Equation 25 
 𝜕2𝑇
𝜕𝑧2
=
𝑇𝑖,𝑗+1
𝑡 − 2𝑇𝑖,𝑗
𝑡 + 𝑇𝑖,𝑗−1
𝑡
(Δ𝑧)2
 
Equation 26 
where: i = the radial node number, j = depth node number, t = the position in time, Δ𝑟 = distance 
between radial nodes and Δ𝑟 = distance between depth nodes.  
3.3.1 Greenhouse 
Equation 27 gives the temperature inside the greenhouse at any future point in time.  
 
𝑇𝑡+1 =
Δ𝑡
𝐶𝑡ℎ
(𝑆(𝜏 + 𝛼) +
ℎ𝑐𝑟𝐴𝐺𝐻 + 𝑚𝑎𝐺𝐻𝑐𝑝𝑎
(0.29 + 0.76𝑉𝑤)
3600𝐴𝑔
(𝑇𝑎𝑡𝑚 − 𝑇𝐺𝐻) + ?̇?ℎ𝑒𝑎𝑡)
+ 𝑇𝑡  Equation 27 
Modelling and Optimisation of a Ground Source Heat Pump Heated Greenhouse 32 
The heating input to the greenhouse is dependent upon if, and by how much, the greenhouse 
temperature is less than the ambient temperature. Therefore, the numerical model required 
climatic data sampled (or interpolated) at the same frequency as the model time step.  
3.3.1.1 Inputs 
The input requirements to solve Equation 27 were:  
 climatic data (temperature, wind speed and global solar irradiance),  
 greenhouse design data (geometry, thermal mass, insulation, etc.), and  
 covering material properties. 
Minute sampled climatic data for UQ’s Gatton Campus in 2015 was acquired from the Bureau 
of Meteorology (2016). Figure 7, Figure 8 and Figure 9 show the inputs used for temperature, 
average wind speed, and average horizontal global solar irradiance respectively.  
 
Figure 7: Minute Ambient Temperature Data for Gatton in 2015 (BOM, 2016): 
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Figure 8: Minute Average Wind Speed Data for Gatton in 2015 (BOM, 2016) 
 
Figure 9: Minute Average Global Solar Irradiance Data for Gatton in 2015 (BOM, 2016) 
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3.3.1.2 Discretisation 
Discretisation of time was dictated by the sampling frequency of the input data as well as the 
computational time required to run the model. For these reasons, the model was developed with 
a time step equal to that of the input data sampling frequency of one minute.  
3.3.1.3 Initial Conditions  
The model initially assumed that the internal greenhouse temperature was equal to the ambient 
external temperature. This initial condition is reasonable as the simulation starts in summer 
when the greenhouse is unheated. Furthermore, even if there had been a significant difference 
between the initial internal and external temperatures, the energy balance of Equation 27 would 
have ensured that the greenhouse quickly converges to the correct temperature.  
3.3.1.4 Assumptions, Design Choices and Limitations  
Each greenhouse assumption / design choice / limitation is addressed individually below in 
order of importance.  
3.3.1.4.1 Lumped Thermal Mass  
The greenhouse was modelled as a lumped system of thermal mass, which meant that the 
temperature at any point inside of it was assumed constant. The size of the Design Greenhouse 
means that, in reality, maintaining the entire greenhouse at a single temperature would be an air 
reticulation problem however the lumped model is sufficient for determining the heat input 
required and approximating the internal temperature. The assumption of a lumped thermal mass 
also means that the model neglects heat transfer between the plants and the greenhouse air.   
3.3.1.4.2 Thermostatic Greenhouse Control  
Control was implemented with a simple thermostat-like system which, if the temperature of the 
greenhouse fell below the specified lower temperature limit, provided the required heat (up to 
a specified heating capacity) to maintain the greenhouse at this lower temperature limit. This 
approach to control meant that the correct amount of heat could be provided instantly without 
realistic consideration of: ramping up and down, the fluid dynamics of the BHE, or the 
dynamics of the refrigeration cycle.  
3.3.1.4.3 Global Average Transmissivity and Absorptivity 
The transmissivity and absorptivity of the greenhouse covering material are dependent on the 
balance of diffuse and direct solar radiation as well as the angle of inclination. Data is available 
for the inclination angle and ratio of diffuse to direct radiation throughout the year but the 
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transmissivity response of various materials is not. For this reason, a constant global 
transmissivity average was used. In reality, the average would be different from year to year 
and from location to location.  
3.3.1.4.4 Combined Convective and Radiative Heat Transfer Coefficient 
Empirically derived combined convective and radiative heat transfer coefficients were used in 
the model. This non-rigorous modelling of radiation affects the accuracy and precision of the 
results. However, as the literature review revealed that validated studies had used the same 
assumption it was deemed to be acceptable.  
3.3.1.4.5 Omission of Diffuse Radiation on the Greenhouse Walls  
Diffuse radiation on the greenhouse walls was omitted from the model because its effect was 
second order when compared to the radiation impacting the horizontal greenhouse roof. Most 
literature reviewed in Section 2.2.5 did not account for diffuse solar radiation on the greenhouse 
walls.  
3.3.1.4.6 Omission of Humidity and Condensation in Greenhouse 
Humidity and condensation in the greenhouse were not included in this model. Condensation 
on the greenhouse cover can affect the greenhouse combined heat transfer coefficient and the 
global transmissivity of the cover. The omission of humidity also slightly reduces the lumped 
thermal mass of the greenhouse.  
3.3.1.4.7 Omission of photosynthesis, evapotranspiration and heat exchange with the 
ground from energy balance  
The energy flows associated with photosynthesis, evapotranspiration and heat exchange with 
ground were omitted from the model. The majority of the prior art did not include these energy 
flows in their greenhouse energy balances.  
3.3.1.4.8 Insulation Type can be Changed Without Altering Greenhouse Structure, 
Transmissivity and Absorptivity 
One of the most simple and common ways to insulate a greenhouse is by adding additional 
layers of covering materials. The addition of these layers, especially for heavy materials such 
as glass, would require costly alterations to the greenhouse structure. These cost changes were 
not considered in this investigation. 
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Different greenhouse covering material have different transmissivities and absorptivities. As 
global transmissivity values were not available for all covering materials, average values for 
double layer coverings were used.  
3.3.1.4.9 Change in thermal mass does not affect productive cropping area 
The introduction of additional thermal mass to a greenhouse requires floor space. It is assumed 
that, up to a certain point, this space can be can be provided without reducing the productive 
cropping area. After this point, finding the optimal balance between thermal mass and 
productive floor space requires an agronomic optimisation.  
3.3.1.4.10 Representative Modelling of 2015  
The availability and quality of input data meant that 2015 was used as a representative average 
year in the model. Climate variations from year to year can be extreme and it is plausible that a 
system designed for 2015 would not be able to cope with future requirements. Given sufficient 
time and available data a statistical model could be used to design a system for a “one in x 
years” event.  
3.3.1.4.11  Removal of Greenhouse Roof Above Upper Temperature Limit  
The model was designed to set the internal greenhouse temperature as equal to the temperature 
of the external air when the internal temperature exceeded a set upper limit. Physically, this 
process was representative of the removal of the greenhouse roof. The removal of the 
greenhouse roof is common practice in rudimentary greenhouses (Castilla, 2012). Without 
ventilation, the greenhouse is analogous to a car in summer sun and internal temperatures can 
exceed 60°C. The greenhouse roof would not actually be removed and reapplied intermittently 
as modelled but would instead be removed for weeks at a time during summer heat waves. This 
assumption has insignificant effects on the model outputs as the temperature of the greenhouse 
in summer is unrelated to the ground temperature or efficiency, cost and accuracy of heating.  
3.3.2 BHE  
The FD expressions (Equation 22-Equation 26) were used to give numerical expressions for 
heat transfer inside and outside of the borehole (Equation 28 and Equation 29 respectively).  
 
𝑇𝑖,𝑗
𝑡+1  = Δ𝑡 (𝑣
𝑇𝑖,𝑗+1
𝑡 − 𝑇𝑖,𝑗
𝑡
Δ𝑧
+
2𝑘𝑝
𝜌𝑓𝐶𝑝𝑓𝑟𝑝
 
𝑇𝑖+1𝑗
𝑡 − 𝑇𝑖,𝑗
𝑡
Δ𝑟
) + 𝑇𝑖,𝑗
𝑡  
Equation 28 
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) + 𝑇𝑖,𝑗
𝑡  
Equation 29 
where Δ𝑡 = time step size.  
At the interfaces between materials (pipe-grout and grout-soil) the temperature of the materials 
must be the same with no heat accumulation occurring. For the grout-soil interface this is 
expressed by Equation 30 and Equation 31. These equations can be given numerically by 
combining with Equation 28 and Equation 29.  
 𝑇𝑔(𝑟, 𝑧) = 𝑇𝑠(𝑟, 𝑧) Equation 30 
 
𝑘
𝑑𝑇𝑔(𝑟, 𝑧)
𝑑𝑡
= 𝑘
𝑑𝑇𝑠(𝑟, 𝑧)
𝑑𝑡
 
Equation 31 
where: g = grout and s = soil.  
Figure 10 shows the numerical representation of the physical system.  
 
Figure 10: FTCS Solution Domain 
Unfortunately, modelling complexities meant that the heat transfer inside the borehole had to 
be simplified. The simplified system is shown in Figure 11.  
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Figure 11: Simplified FTCS Solution Domain 
3.3.2.1 Discretisation  
The use of an explicit method to solve the parabolic partial differential equation (PDE) means 
that the solution is only conditionally stable. Stability is dictated by the CFL stability criterion, 
which for this system is given by Equation 32.  
 Δ𝑡 ≤
1
2𝛼
Δ𝑟2
+
2𝛼
Δ𝑧2
+
2𝛼
r𝑝Δr
 
Equation 32 
A nodal dependency study was conducted to determine the maximum acceptable spacing of 
nodes.  
3.3.2.2 Initial conditions 
The initial temperature of the ground was assumed to be constant at 21.4°C (Bureau of 
Meteorology, 2016). The temperature of the ground close to the surface is actually coupled with 
air temperature but the majority of literature ignores this difference (Ghasemi-Fare & Basu, 
2013). It was therefore ignored in this investigation also.  
3.3.2.3 Boundary Conditions 
Ideally the system would be modelled with a semi-infinite domain but this was unsuitable for 
the current investigation because of large computational requirements. As shown in Figure 11, 
adiabatic boundary conditions were used for the far-field depth and radial boundaries. A 
constant temperature boundary condition was used for the surface and borehole (while heating) 
boundaries.   
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The use of both adiabatic and constant temperature boundary conditions imposes limitations on 
the model solution. Results near adiabatic boundaries may exhibit non-physical temperature 
responses for long simulation times because of thermal build up in the imposed closed system. 
Similarly, conduction rates and the linearity of temperature distributions can be increased by 
using constant temperature boundary conditions (Schilling & Harris, 2000). 
Adiabatic boundary conditions were used, where possible, to avoid the skewed conduction rates 
associated with constant temperature boundaries. A far field boundary distance study was 
completed in order to ensure that adiabatic boundaries were located sufficiently far away from 
the system. This study showed that a constant temperature surface boundary condition would 
be more ideal for the system. 
The borehole boundary was used to represent the fluid temperature in the borehole and was 
therefore updated with each iteration of the model. The temperature was assumed to vary 
linearly with depth between the inlet and outlet fluid temperatures. These temperatures were 
determined by the heat requirements for each iteration and the empirical heat pump dynamics.  
3.3.2.4 Assumptions, Design Choices and Limitations  
Each greenhouse assumption / design choice / limitation is addressed individually in order of 
importance.  
3.3.2.4.1 Linearly Distributed Temperature Borehole Boundary  
The heat transfer within the borehole was numerically modelled but due its complexity it was 
unable to be integrated into the computer implementation. For this reason, it was assumed that 
the high conductivity of the grout surrounding the U-tube and the insulation between the U-
tube legs would cause the temperature at the top and bottom of the borehole to be equal to the 
inlet and outlet fluid temperatures respectively. It was assumed that temperature varied linearly 
between the top and bottom of the borehole. These assumptions limit the overall accuracy of 
the model.  
3.3.2.4.2 Omission of Groundwater Flow  
As discussed in Section 2.3.3.1, advection caused by groundwater flow can significantly impact 
BHE heat transfer. However, groundwater flow was not considered in this investigation because 
of the pre-existing understanding of it in literature and the demonstrated accuracy of models 
which exclude it. 
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3.3.2.4.3 Uniform Ground Properties  
Ground properties vary dramatically with depth in stratified ground. However, as the properties 
of the ground were unknown, the assumption of constant soil type and soil properties was 
justified. The model could easily be updated to incorporate site specific drill logs when and if 
they became available.  
3.3.2.4.4 Heat Transfer Between Ground and Air  
At shallow depths, the ground temperature is coupled with air temperature. A selection of 
studies have modelled this using a convective surface boundary condition (Ozudogru et al., 
2015). This rigorous modelling approach was not deemed to be necessary in this investigation 
as other validated studies have used a constant surface temperature boundary condition 
(Ghasemi-Fare & Basu, 2013). 
3.3.2.4.5 Conduction Dominated Heat Transfer with Negligible Contact Resistance  
Heat transfer was assumed to occur only due to conduction. This assumption represents reality 
as the ground is opaque to the majority of radiation and there is no convective fluid flow. It was 
also assumed that there was no thermal resistance at material interfaces.  
3.3.3 Heat Pump - Linking of Greenhouse and BHE  
The greenhouse and BHE are linked by the empirical heat pump dynamics and the fact that 
energy must be conserved across the entire system. Equation 33 shows this relationship and 
Equation 34 expresses it numerically. 
 𝑘𝐴
𝑑𝑇
𝑑𝑟
= ?̇?ℎ𝑒𝑎𝑡𝑖𝑛𝑔 (1 −
1
𝐶𝑂𝑃
) 
Equation 33 
 
∑ 𝑘𝜋𝑟Δ𝑧 ×
𝑇1,𝑗 + 𝑇1,𝑗+1
2 −
𝑇0,𝑗 + 𝑇0,𝑗+1
2
Δ𝑟
𝑁𝑧−1
𝑗=0
= ?̇?ℎ𝑒𝑎𝑡𝑖𝑛𝑔 (1 −
1
𝐶𝑂𝑃
) 
Equation 34 
where: 𝑁𝑧 = the number of depth nodes.  
The temperature boundary of the borehole was updated repeatedly using Equation 35 and 
Equation 36 (derived from linear regressions of the heat pump dynamics) until Equation 34 was 
satisfied (within 1% difference to avoid excessively long computation times). These empirical 
equations were truncated at the minimum inlet temperature of the empirical heat pump to avoid 
unrealistically cold BHE temperatures.  
Modelling and Optimisation of a Ground Source Heat Pump Heated Greenhouse 41 
 𝐶𝑂𝑃 = 0.0856𝑇𝑖𝑛 − 19.525 Equation 35 
 𝑇𝑜𝑢𝑡 = 𝑇𝑖𝑛 + 0.01083𝑇𝑖𝑛 − 26.474 Equation 36 
3.3.4 Combined System 
3.3.4.1 Implementation  
Figure 12 shows a flow diagram of the whole system numerical model which was developed in 
Python. The commented code for the model is presented in Appendix B.  
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Figure 12: Numerical Model of Entire System Simplified Implementation Flowchart 
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3.3.4.2 Parameters 
Table 5 outlines the constant parameters and parameter ranges for optimisation used in the 
model implementation. Table 6 elaborates on the details of the insulation options.  
Table 5: Model Parameters 
Parameter  Symbol  Value (Range) Source / Justification  
Greenhouse 
Length  L 80 m  Design Greenhouse 
Width W 45 m Design Greenhouse 
Wall height  Hw 4.2 m Design Greenhouse 
Apex roof height  H 5.5 m  Design Greenhouse 
Lower Temperature 
Limit  
Tlowlim 16°C (7 – 20 °C) Castilla (2012) 
Upper Temperature 
Limit 
Tuplim 45 °C Castilla (2012) 
Additional water 
(thermal mass)  
Vw 80m3 (0 - 80m3) 80m3 arbitrarily 
assigned as maximum 
Global Transmissivity 
of cover 
𝜏  0.55 Castilla (2012) 
Global Absorptivity  𝛼  0.2 Castilla (2012) 
Air density (constant) 𝜌𝑎  1.23 kg/m
3 Cengel and Boles 
(2015) 
Air specific heat 
capacity (constant) 
𝐶𝑝𝑎  
1007 J/(kg K) Cengel and Boles 
(2015) 
Water density 
(constant) 
𝜌𝑤  998 kg/m
3 Cengel and Boles 
(2015) 
Water specific heat 
capacity (constant)  
𝐶𝑝𝑤  
4180 J/(kg K) Cengel and Boles 
(2015) 
Combined heat 
transfer coefficient  
hu Varies with insulation 
– see Table 6 
Castilla (2012) 
Cost of thermal mass CCth $50/m3 $10/200L (Storage in 
recycled chemical 
drums)  
Model time step  Δ𝑡  60 s Based on climate data 
Simulation time tsim 1 year Based on climate data 
BHE 
Soil Type  - Vertosol (Clayey Silt) Queensland 
Government (2013) 
Soil thermal 
diffusivity  
𝛼𝑠  1.697E-7 m
2/s Kavanaugh et al. 
(2014) 
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Parameter  Symbol  Value (Range) Source / Justification  
BHE depth  zp 100 m Kavanaugh et al. 
(2014) 
Number of BHEs Wnum 100 (5-120)  
Vertical nodal step 
size  
Δz 2 m  Nodal dependency 
study.   
Simulation depth zs 110 m  Boundary dependency 
study.   
Radial nodal step size  Δr 0.2m Nodal dependency 
study.   
Simulation radius  rs 8 m  Boundary dependency 
study.   
GSHP 
Total heating capacity   ?̇?𝑐𝑎𝑝  600kW (50kW – 
800kW)  
Based on heating 
requirements 
Economic Model 
Life of system Ls 20 years  Kavanaugh et al. 
(2014) 
Discount rate  r 8 % Harrison (2010) 
Inflation rate  i 4.9% Reserve Bank of 
Australia, 2016 
CAPEX for GSHP 
surface infrastructure  
CAPEXgs 1493 USD/kW of 
capacity 
Kavanaugh et al. 
(2014) 
CAPEX for GSHP 
BHE 
CAPEXgb 47 USD/ m of well 
length   
Kavanaugh et al. 
(2014) 
CAPEX for diesel 
system  
CAPEXd 1128 USD/kW of 
capacity  
D’Arpa et al. (2016) 
Maintenance for 
GSHP and diesel 
system  
Mgd 88 USD/kW of 
capacity/ year  
D’Arpa et al. (2016) 
Current electricity 
price  
Pe $0.285/kWh Queensland 
Competition Authority 
(2016) 
Current diesel price  Pd $0.128/kWh Australian Institute of 
Petroleum (2016) 
Electricity price 
change (2016$) 
Δ𝑃𝑒  -1.4%: 2016 – 2021  
1.5%: 2021 – 2026  
0.5%: 2026 – 2036  
Australian Energy 
Market Operator 
(2016) 
Diesel price change 
(2016$)  
Δ𝑃𝑑  2.2% Energy Information 
Administration (2015) 
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Table 6: Insulation Options Comparison 
Option Number  Option  Combined heat 
transfer coefficient, hu 
(W/(m2K))  
Cost ($/m2) 
1 Polyethylene film(PE)  9 0.7 
2 Polyvinylchloride (PVC)  7.8 12 
3 Polycarbonate (PC) 7 21 
4 Glass (4mm) 5.8 25 
5 Double PE 5 1.5 
6 Double PC 3.2 41 
7 Double Glass 2.9 50 
8 Triple PE 3.4 2.4 
9 Triple PC 2.5 62 
10 Triple Glass 2.4 75 
3.4 Additional Net Benefit of Greenhouse Heating Envelope Calculation 
Table 7 shows the parameters used in the envelope calculation of the additional net benefit or 
greenhouse heating.  
Table 7: Additional Net Benefit Envelope Calculations Parameters 
Parameter  Symbol  Value (Range) Source / Justification  
Unprotected yield  Y 51830 kg/ha  Department of 
Agriculture and 
Fisheries (2010) 
Unprotected 
production cost 
C $10000/ha Department of 
Agriculture and 
Fisheries (2010) 
Passive yield & 
production cost change  
Δ𝑌𝑝  300 % Cantliffe et al. (2001) 
Heated yield & 
production cost change 
Δ𝑌ℎ  1000 % Castilla (2012) 
Passive price  Pp $2/kg  Department of 
Agriculture and 
Fisheries (2010) 
Heated price  Ph $3/kg Department of 
Agriculture and 
Fisheries (2010) 
Cultivation area Ag 0.36 ha Design Greenhouse 
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Using Equation 37 the potential additional annual net benefit from greenhouse heating was 
calculated to be $422, 611 per year.  
 𝐵𝑛𝑒𝑡 = 𝐵ℎ − 𝐵𝑝 
= 𝑌Δ𝑌ℎ𝑃ℎ𝐴𝑔 − 𝐶Δ𝑌ℎ𝐴𝑔 − (𝑌Δ𝑌𝑝𝑃𝑝𝐴𝑔 − 𝐶Δ𝑌𝑝𝐴𝑔) 
Equation 37 
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4 Results 
The results throughout this section were generated using the parameters presented in Table 5 
and Table 6 unless otherwise stated.  
4.1 Multifactorial Optimisation Results  
As discussed in Section 3.1.3, the aims of the multifactorial optimisation were:  
 to determine the optimal combination of insulation and additional thermal mass for a 
fixed: heat pump output capacity, lower greenhouse temperature limit and well length;  
 to determine the optimal combination of heat pump output capacity and lower 
greenhouse temperature limit for the optimal thermal mass and insulation and a fixed 
well length; and  
 to determine the optimal combination of heat pump output capacity and well length for 
the optimal thermal mass and insulation and a lower greenhouse temperature limit.  
These optimisations were evaluated with regards to the reliability and cost metrics presented in 
Sections 3.1.3. Plots which are of interest to the investigation, but which were direct results of 
the trends shown here (minimum COP, maximum time under lower limit temperature, heating 
deficit, and annual profit require for positive NPV) are presented in Appendix C.  
4.1.1 Thermal Mass and Insulation Comparison  
Figures 13 – 19 show the system performance, reliability and cost metrics with varying 
insulation type (plotted using the heat transfer coefficient of insulation) and thermal mass in the 
form of water.  
General Preface 
It is evident in these figures that the metrics were relatively more sensitive to changes in the 
heat transfer coefficient than to changes in the amount of additional thermal mass.  
Figure 13 shows the total amount of heating which was supplied to the greenhouse during the 
simulation.   
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Figure 13: Annual Greenhouse Heating Supplied for Varying Insulation Types and Amounts of Additional Thermal Mass 
Figure 13 displays a direct correlation (which appears to be directly proportional) between the 
combined heat transfer coefficient (h) and total heat supplied to the greenhouse (?̇?𝑠𝑢𝑝). The 
figure also shows an indirect correlation between additional thermal mass and the heat supplied 
to the greenhouse. For this correlation, as the additional thermal mass increased the rate at 
which the heat supplied decreased became more negative (
𝑑?̇?𝑠𝑢𝑝
𝑑𝐶𝑡ℎ
  became more negative with 
increasing Cth).  
  
Modelling and Optimisation of a Ground Source Heat Pump Heated Greenhouse 49 
Figure 14 shows the total amount of electrical work which was required to heat the greenhouse.   
 
Figure 14: Annual Greenhouse Electrical Work Supplied for Varying Insulation Types and Amounts of Additional Thermal 
Mass 
Figure 14 displays the exact same trends described above for Figure 13 but where greenhouse 
heat supply is analogous to electrical work.  
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Figure 15 shows the combined annual COP for the heat pump. 
 
Figure 15: Annual COP of Heat Pump for Varying Insulation Types and Amounts of Additional Thermal Mass 
Figure 15 displays an indirect correlation between the heat transfer coefficient and annual COP 
where 
𝑑𝐶𝑂𝑃
𝑑ℎ
 becomes less negative with increasing h. The figure also shows an indirect 
correlation between additional thermal mass and annual COP where 
𝑑𝐶𝑂𝑃
𝑑𝐶𝑡ℎ
 becomes more 
negative with increasing Cth.  
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Figure 16 shows the total time that the greenhouse temperature was below the lower limit 
temperature.  
 
Figure 16: Total Time Under Lower Temperature Limit for Varying Insulation Types and Amounts of Additional Thermal 
Mass 
Figure 16 displays a direct correlation between the heat transfer coefficient and time under the 
lower temperature limit where 
𝑑(𝑡𝑖𝑚𝑒 𝑢𝑛𝑑𝑒𝑟)
𝑑ℎ
 increases with increasing h. The figure also shows 
a direct correlation between additional thermal mass and time under the lower temperature limit 
where 
𝑑(𝑡𝑖𝑚𝑒 𝑢𝑛𝑑𝑒𝑟)
𝑑𝐶𝑡ℎ
 decreases with increasing Cth. This correlation is much more significant at 
higher heat transfer coefficients. At lower heat transfer coefficients, the addition of thermal 
mass has no significant effect on the time under the lower temperature limit.  
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Figure 17 shows the maximum period that the greenhouse temperature remained below the 
lower limit temperature.  
 
Figure 17: Maximum Time Under Lower Temperature Limit for Varying Insulation Types and Amounts of Additional 
Thermal Mass 
Figure 17 displays a direct correlation between the heat transfer coefficient and maximum time 
under the lower temperature limit where 
𝑑(𝑚𝑎𝑥.  𝑡𝑖𝑚𝑒 𝑢𝑛𝑑𝑒𝑟)
𝑑ℎ
 decreases with increasing h. The 
figure also shows an indirect correlation (approximately indirectly proportional) between 
additional thermal mass and maximum time under the lower temperature limit. This correlation 
is much more significant at higher heat transfer coefficients. At lower heat transfer coefficients, 
the addition of thermal mass has no significant effect on the maximum time under the lower 
temperature limit. 
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Figure 18 and Figure 19 show the NPC of the greenhouse when supplied with heat from a 
GSHP and diesel system respectively.  
 
Figure 18: GSHP NPC for Varying Insulation Types and Amounts of Additional Thermal Mass 
 
Figure 19: Diesel NPC for Varying Insulation Types and Amounts of Additional Thermal Mass 
Insulation 
option # 
Insulation 
option # 
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Both figures display indirect correlations (almost indirectly proportional) between NPC and 
thermal mass. The NPC of the diesel system was more sensitive to changes in the cost of the 
covering material than the GSHP system, whereas the NPC of the GSHP system was more 
sensitive to changes in the heat transfer coefficient of the covering material than the diesel 
system. It is evident that insulation option 9 (triple PE film) was the lowest cost option at all 
thermal masses for both heating methods.  
4.1.1.1 Summary - Greenhouse Design Choice   
The combination of triple layer PE insulation and maximum thermal mass was the lowest NPC 
option by a significant margin. This combination also performed well with regards to the 
reliability metrics (only marginally less reliable than the maximum reliability) and was 
therefore deemed to be the optimal choice for greenhouse design.  
4.1.2 GSHP Output Capacity and Lower Greenhouse Temperature Limit 
Comparison  
Figures 20 – 26 show the system performance, reliability and cost metrics with varying heat 
pump output capacity and lower temperature limit. 
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Figure 20 shows the total amount of heating which was supplied to the greenhouse during the 
simulation.   
 
Figure 20: Annual Greenhouse Heating Supplied for Varying Heat Pump Output Capacity and Lower Temperature Limit 
Figure 20 displays a direct correlation between the lower temperature limit (𝑇𝑙𝑜𝑤𝑙𝑖𝑚) and the 
total heat supplied to the greenhouse (?̇?ℎ𝑒𝑎𝑡) where 
𝑑?̇?ℎ𝑒𝑎𝑡
𝑑𝑇𝑙𝑜𝑤𝑙𝑖𝑚
 increases with increasing 𝑇𝑙𝑜𝑤𝑙𝑖𝑚. 
The figure also shows a direct correlation (up to a certain point for each temperature) between 
heat pump output capacity (?̇?𝑐𝑎𝑝) and ?̇?ℎ𝑒𝑎𝑡 where 
𝑑?̇?ℎ𝑒𝑎𝑡
𝑑?̇?𝑐𝑎𝑝
 decreases to 0 with increasing ?̇?𝑐𝑎𝑝. 
The ?̇?𝑐𝑎𝑝 at which 
𝑑?̇?ℎ𝑒𝑎𝑡
𝑑?̇?𝑐𝑎𝑝
= 0 increases for increasing 𝑇𝑙𝑜𝑤𝑙𝑖𝑚.   
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Figure 21 shows the total amount of electrical work which was required to heat the greenhouse.   
 
Figure 21: Annual Greenhouse Electrical Work Done for Varying Heat Pump Output Capacity and Lower Temperature 
Limit 
Figure 21 displays the exact same trends described above for Figure 20 where greenhouse heat 
supply is analogous to electrical work.  
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Figure 22 shows the combined annual COP for the heat pump. 
 
Figure 22: Annual COP for Varying Heat Pump Output Capacity and Lower Temperature Limit 
Above a certain heat pump output capacity (approximately 150 kW), Figure 22 displays an 
indirect correlation between the lower temperature limit (𝑇𝑙𝑜𝑤𝑙𝑖𝑚) and COP where 
𝑑𝐶𝑂𝑃
𝑑𝑇𝑙𝑜𝑤𝑙𝑖𝑚
 becomes more negative with increasing 𝑇𝑙𝑜𝑤𝑙𝑖𝑚.  Below this point, the heat pump could 
provide the specified output capacity with a small fixed work input and COP was constant for 
varying 𝑇𝑙𝑜𝑤𝑙𝑖𝑚. The figure also shows an indirect correlation (up to a certain point) between 
heat pump output capacity (?̇?𝑐𝑎𝑝) and COP where 
𝑑𝐶𝑂𝑃
𝑑?̇?𝑐𝑎𝑝
 increases to 0 with increasing ?̇?𝑐𝑎𝑝. 
The ?̇?𝑐𝑎𝑝 at which 
𝑑𝐶𝑂𝑃
𝑑?̇?𝑐𝑎𝑝
= 0 increases for increasing 𝑇𝑙𝑜𝑤𝑙𝑖𝑚.   
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Figure 23 shows the total time that the greenhouse temperature was below the lower limit 
temperature.  
 
Figure 23: Total Time Greenhouse Temperature is Below Lower Temperature Limit for Varying Heat Pump Output Capacity 
and Lower Temperature Limit 
Figure 23 displays a direct correlation between the lower temperature limit (𝑇𝑙𝑜𝑤𝑙𝑖𝑚) and the 
total time which the greenhouse temperature was below the lower temperature limit (time 
under) where 
𝑑(𝑡𝑖𝑚𝑒 𝑢𝑛𝑑𝑒𝑟)
𝑑𝑇𝑙𝑜𝑤𝑙𝑖𝑚
 increases with increasing 𝑇𝑙𝑜𝑤𝑙𝑖𝑚. The figure also shows an 
approximately indirectly proportional relationship between heat pump output capacity (?̇?𝑐𝑎𝑝) 
and COP.  
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Figure 24 shows the maximum period that the greenhouse temperature remained below the 
lower limit temperature.  
 
Figure 24: Maximum Time Greenhouse Temperature was Below Lower Temperature Limit for Varying Heat Pump Output 
Capacity and Lower Temperature Limit 
Figure 24 displays similar trends to those described above for Figure 23 where the total time 
the greenhouse was under the lower temperature limit is analogous to the maximum time the 
greenhouse was under the lower temperature limit. However, in Figure 24 there is no obvious 
relationship between 
𝑑(𝑡𝑖𝑚𝑒 𝑢𝑛𝑑𝑒𝑟)
𝑑𝑇𝑙𝑜𝑤𝑙𝑖𝑚
 and 𝑇𝑙𝑜𝑤𝑙𝑖𝑚. 
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Figure 25 and Figure 26 show the NPC of the system when supplied with heat from a GSHP 
and diesel system respectively.  
 
Figure 25: NPC for GSHP Heating System with Varying Heat Pump Output Capacity and Lower Temperature Limit 
 
Figure 26: NPC for Diesel Heating System with Varying Heat Pump Output Capacity and Lower Temperature Limit 
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Both figures display a direct correlation between 𝑇𝑙𝑜𝑤𝑙𝑖𝑚 and NPC where 
𝑑𝑁𝑃𝐶
𝑑𝑇𝑙𝑜𝑤𝑙𝑖𝑚
 increases 
with increasing 𝑇𝑙𝑜𝑤𝑙𝑖𝑚.The rate at which
𝑑𝑁𝑃𝐶
𝑑𝑇𝑙𝑜𝑤𝑙𝑖𝑚
 increases with increasing 𝑇𝑙𝑜𝑤𝑙𝑖𝑚 is higher 
for the diesel system. Both figures display a directly proportional relationship between ?̇?𝑐𝑎𝑝 
and NPC. The NPC of the diesel system is more sensitive to changes in 𝑇𝑙𝑜𝑤𝑙𝑖𝑚 than the NPC 
of the GSHP and the NPC of the GSHP is more sensitive to changes in ?̇?𝑐𝑎𝑝  than the NPC of 
the diesel system.  
4.1.2.1 Summary – Lower Temperature Limit Choice  
From these results, it is evident that:  
 increasing 𝑇𝑙𝑜𝑤𝑙𝑖𝑚 increases (worsens) the cost and reliability metrics, and  
 increasing  ?̇?𝑐𝑎𝑝 increases the cost metrics but decreases (improves) the reliability 
metrics.  
With specific agronomical information, the results presented above could be used to compare 
the benefits and costs related to the choice of specific greenhouse temperature limits for certain 
crops. However, as this information was not available a lower temperature limit of 16°C as 
recommended by Castilla (2012) was used to determine the optimal combination of well length 
and GSHP output capacity.  
4.1.3 GSHP Output Capacity and Total BHE Well Length Comparison 
Figures 27 – 35 show the system performance, reliability and cost metrics with varying heat 
pump output capacity and total borehole well length. The heat pump was modelled as being 
able to supply heating up to its output capacity regardless of the borehole length (for undersized 
BHEs most of the heating comes from electrical work). This meant that the reliability metrics 
did not vary with changes to well length. These metrics were therefore only graphed with 
respect to heat pump output capacity.  
Figure 20 shows the total amount of heating which was supplied to the greenhouse during the 
simulation for varying combinations of heat pump out capacity and well length.   
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Figure 27: Annual Greenhouse Heating Supplied for Varying Heat Pump Output Capacity (not affected by well length) 
Figure 27 shows a direct correlation between ?̇?𝑐𝑎𝑝 and ?̇?ℎ𝑒𝑎𝑡 where 
𝑑?̇?ℎ𝑒𝑎𝑡
𝑑?̇?𝑐𝑎𝑝
 decreases with 
increasing ?̇?𝑐𝑎𝑝.  
Figure 28 shows the total amount of electrical work which was required to heat the greenhouse. 
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Figure 28: Annual Total Work Done for Varying Heat Pump Output Capacity and Total Well Length 
Figure 28 displays an indirect correlation between well length (𝑊𝑙) and the total work done 
where 
𝑑𝑤𝑜𝑟𝑘
𝑑𝑤𝑙
 becomes less negative for increasing 𝑊𝑙. A direct correlation between ?̇?𝑐𝑎𝑝 and 
the total work done is also evident. Two distinct behaviours are exhibited on either side of a 
hypothetical diagonal from the bottom left to the top right of the figure. In the bottom triangle 
𝑑𝑤𝑜𝑟𝑘
𝑑?̇?𝑐𝑎𝑝
 decreases towards 0 with increasing ?̇?𝑐𝑎𝑝 and in the upper triangle 
𝑑𝑤𝑜𝑟𝑘
𝑑?̇?𝑐𝑎𝑝
 increases with 
increasing ?̇?𝑐𝑎𝑝.  
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Figure 29 shows the combined annual COP of the heat pump for varying combinations of heat 
pump output capacity and well length. 
 
Figure 29: Annual COP for Varying Heat Pump Output Capacity and Total Well Length 
Figure 29 displays a direct correlation between well length (𝑊𝑙) and annual COP where 
𝑑𝐶𝑂𝑃
𝑑𝑤𝑙
 
decreases for increasing 𝑊𝑙. The figure also shows an indirect correlation between ?̇?𝑐𝑎𝑝 and 
COP where 
𝑑𝑤𝑜𝑟𝑘
𝑑?̇?𝑐𝑎𝑝
 becomes less negative and approaches 0 with increasing ?̇?𝑐𝑎𝑝.  
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Figure 30 and Figure 31 show the total time and maximum single period that the greenhouse 
temperature remained below the lower limit temperature respectively.  
 
Figure 30: Total Time Under Lower Temperature Limit for Varying Heat Pump Output Capacity and Total Well Length 
 
Figure 31: Total Time Under Lower Temperature Limit for Varying Heat Pump Output Capacity and Total Well Length 
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Both figures display an indirect correlation between ?̇?𝑐𝑎𝑝 and their respective reliability 
metrics. 
𝑑(𝑡𝑖𝑚𝑒 𝑢𝑛𝑑𝑒𝑟)
𝑑?̇?𝑐𝑎𝑝
 becomes less negative with increasing ?̇?𝑐𝑎𝑝 and 
𝑑(𝑚𝑎𝑥 𝑡𝑖𝑚𝑒 𝑢𝑛𝑑𝑒𝑟)
𝑑?̇?𝑐𝑎𝑝
 
becomes more negative with increasing ?̇?𝑐𝑎𝑝.  
Figure 32 shows the NPC of the GSHP heated system.  
 
Figure 32: NPC of GSHP Heated System for Varying Heat Pump Output Capacity and Total Well Length 
This figure displays approximate inverse parabolic contours where NPC is minimised at a 
certain 𝑊𝑙 for a given ?̇?𝑐𝑎𝑝. A line was fitted to approximate the well length that would 
minimise NPC for a given ?̇?𝑐𝑎𝑝. The equation of this line was 𝑊𝑙 = 9.33?̇?𝑐𝑎𝑝 + 1133.35. The 
figure also shows a direct correlation between ?̇?𝑐𝑎𝑝 and NPC where 
𝑑𝑁𝑃𝐶
𝑑?̇?𝑐𝑎𝑝
 decreases with 
increasing ?̇?𝑐𝑎𝑝.  
𝑊𝑙 = 9.33?̇?𝑐𝑎𝑝 + 1133.35 
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Figure 33 shows the NPC of the diesel heated system. 
 
Figure 33: NPC of Diesel Heated System for Varying Heat Pump Output Capacity and Total Well Length 
The figure displays an approximately directly proportional relationship between ?̇?𝑐𝑎𝑝 and NPC. 
Comparing Figure 32 and Figure 33 shows that the diesel system has a lower NPC than the 
GSHP system at any ?̇?𝑐𝑎𝑝.  
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Figure 34, Figure 35 and Figure 36 show the reliability focussed, cost and reliability focussed 
and cost focused standardised scores of the GSHP system. A lower score represents a more 
optimal system.  
 
Figure 34: Reliability Focussed Score of GSHP Heated System with Varying Heat Pump Output Capacity and Total Well 
Length 
 
Figure 35: Balanced Reliability and Cost Focussed Standardised Score of GSHP Heated System with Varying Heat Pump 
Output Capacity and Total Well Length 
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Figure 36: Cost Focussed Standardised Score of GSHP Heated System with Varying Heat Pump Output Capacity and Total 
Well Length 
Table 8 shows the combinations of heat pump output capacity and well length that optimised 
the system for each cost / reliability weighting scenario.  
Table 8: Optimal Heat Pump Output Capacity and Total Well Length for Each Weighting Scenario 
Weighting Scenario  Heat Pump Output Capacity 
(kW) 
Total Well Length (m) 
 (Number of Wells) 
Reliability Focussed 500 5100 (51) 
Balanced Reliability / Cost 
Focussed 
450 4500 (45) 
Cost Focussed  50 900 (9) 
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4.2 Model Outputs for Optimised System  
Table 9 shows the major cost and reliability metric results for each of the optimised systems.  
Table 9: Reliability and Cost Metrics for Optimised System Scenarios 
Metric Reliability Focus Even Reliability / 
Cost Focus 
Cost Focus 
Total Time Under 
Temperature Limit (days) 
0.62 1.69 46.7 
Maximum Time Under 
Temperature Limit (min) 
277 372 885 
NPC ($) 2,450,3530 2,262,311 324,764 
Annual Additional Net 
Benefit for NPV>0 (2016$) 
184,967 170,773 24,515 
The even reliability / cost focus scenario was used to demonstrate the model outputs. Figure 37 
shows the temperature of the greenhouse over the course of the year. Figure 38 shows 
development of ground temperature throughout the year at a selection of sampling points. 
Figure 39 and Figure 40 show the ground temperature distribution after six months and one 
year of operation respectively.   
 
Figure 37: Greenhouse Temperature Profile for Cost / Reliability Optimised System 
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Figure 38: Ground Temperature Profile for Varying Radius at a Depth of 50m 
 
Figure 39: Ground Temperature Distribution after 6 months of GSHP Operation 
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Figure 40: Ground Temperature Distribution after 1 year of GSHP Operation 
Figure 37 shows that the greenhouse was generally kept above its lower temperature limit and 
that for almost ¾ of the year the greenhouse roof was removed at some point in the day. The 
figure also shows seasonal trends (hotter in summer and cooler in winter) typical of the input 
data.  
Figure 38, Figure 39 and Figure 40 showed that ground temperature, especially close to the 
borehole, varied significantly throughout the year but at the end of the year the maximum 
deviation from the undisturbed ground temperature was only approximately 0.4°C. This small 
decrease did not warrant investigation into longer term simulations. 
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5 Discussion 
The trends identified in Section 4 and their implications with regards to the investigation’s 
research questions were analysed in the ensuing section. The validity of the results was also 
assessed with consideration of expectations from literature, the sensitivity of the results to 
changes in particular parameters, sources of uncertainty, and limitations of the model. Finally, 
the wider implications of the investigation in industry were addressed.  
5.1 Analysis of Results 
5.1.1 System Optimisation  
The results for each pair of optimisation variables are addressed individually, followed by a 
discussion of the system optimisation. 
5.1.1.1  Comparison of Additional Thermal Mass and Insulation Type   
The following relationships were observed for the comparison of additional thermal mass and 
insulation type: 
 a direct correlation between the combined heat transfer coefficient of the covering 
material and the heat/work required by the greenhouse;  
 an indirect correlation between the combined heat transfer coefficient and system 
reliability;  
 an indirect correlation between additional thermal mass and cost; and 
 an indirect correlation between additional thermal mass and reliability.  
The heat transfer coefficient relationships can be explained by the definition of the combined 
convective and radiative heat transfer (Equation 4) which meant that heat losses from the 
greenhouse increased with increasing heat transfer coefficient values. This increase in losses 
caused an increase in the heat required to maintain temperature targets. In turn, this increased 
energy usage and decreased reliability, as the fixed output heat pump was less often able to 
provide the heat required. The overall system cost is influenced by both the heat transfer 
coefficient and cost of the insulation type. The results demonstrated that the system cost for 
insulation options with comparable heat transfer coefficients could differ dramatically. 
Diminishing returns for increased reliability with increased investment were also evident. For 
these reasons, a triple PE covering was deemed to be the optimal insulation type as it offered 
significant cost savings with only minor reliability trade-offs.  
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The introduction of additional thermal mass to greenhouses allows them store more heat and 
reduces heating requirements. In this investigation, the amount of thermal mass added was 
maintained below the point where it would begin to reduce the available cropping area. 
Therefore, the energy savings associated with additional thermal mass were only accompanied 
by the cost of the relatively cheap water storage containers. Consequently, the results 
demonstrated that the addition of thermal mass always decreased the NPC of the system. As 
the addition of thermal mass did not have a significant impact on reliability, the maximum 
thermal was deemed to be optimal for greenhouse design. Interpretation of this relationship at 
higher levels of thermal mass would require an agronomical assessment of the trade-off 
between the benefits associated with additional thermal mass and the costs associated with 
reduced cropping area.  
The results of this comparison also showed that, within the ranges used, changes in insulation 
type caused much larger relative changes in the optimisation metrics than changes in the amount 
of additional thermal mass. This is consistent with the current industry design focus on 
insulation (Castilla, 2012).  
5.1.1.2 Comparison of Heat Pump Output Capacity and Greenhouse Lower Temperature 
Limit  
The results for the comparison of heat pump output capacity and greenhouse lower temperature 
limit displayed:  
 direct correlations between cost and both heat pump output capacity and greenhouse 
lower temperature limit; 
 a direct correlation between reliability and heat pump output capacity; and 
 an indirect correlation between reliability and lower temperature limit.  
These results were in line with expectations. Increasing the output capacity of the heat pump 
meant that it was more reliably able to supply the required greenhouse heating but this reliability 
came at the cost of increased CAPEX (bigger, more expensive system) and OPEX (higher 
energy costs). 
Increasing the lower temperature limit of the greenhouse also increased the heat required to 
maintain this temperature. This in turn, increased energy costs and decreased the reliability with 
which a fixed output heat pump could provide sufficient heat. The choice of an optimal lower 
temperature limit requires an agronomic assessment of the benefits of increased greenhouse 
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temperature. In this investigation, a lower temperature limit of 16°C was used as recommended 
by Castilla (2012).  
5.1.1.3 Comparison of Heat Pump Output Capacity and Total Well Length 
The results of the comparison of heat pump output capacity and total well length displayed the 
same direct correlations between heat pump output capacity and both reliability and cost as 
detailed in the preceding section.  
The heat pump was modelled as being able to supply heating up to its output capacity regardless 
of the borehole length (for undersized BHEs most of the heating comes from electrical work). 
This meant that the system reliability did not vary with changes to well length. 
Increased well length facilitated higher levels of BHE heat transfer which reduced the electrical 
work (OPEX) required to provide the greenhouse with the required amount of heat. However, 
this reduction of OPEX experienced diminishing returns for increased well length while the 
CAPEX associated with drilling new wells increased linearly. A cost minima, for a given heat 
pump output capacity, occurred when the rate at which the OPEX was decreasing was equal 
the rate at which CAPEX was increasing. The well length which provided this cost optima was 
described by the equation 𝑊𝑙 = 9.33?̇?𝑐𝑎𝑝 + 1133.35.  
Optimal combinations of well length and heat pump output capacity for each of the reliability 
and cost weighting scenarios were identified. The actual optimal weighting requires agronomic 
input but it was justifiably assumed that it would lie between the reliability focussed scenario 
and the cost focussed scenario. With sufficient agronomic information, a cost penalty function 
could be developed to monetise reliability deviations.  
5.1.1.4 GSHP and Diesel System Cost Comparison 
The NPC of the diesel system was consistently less than the NPC of the GSHP system for all 
optimisation parameter combinations. At the minimum cost well number and heat pump output 
combinations, the diesel system consistently displayed a NPC which was approximately 20% 
less than the GSHP system.  This was consistent with the results of D’Arpa et al. (2016) in Italy 
and Noorollahi et al. (2016) in Iran which both concluded that diesel systems were more 
economically optimal for heating greenhouses than GSHP systems. As there were significant 
levels of uncertainty associated with the model, especially the costing portion, the investigation 
continued to analyse the outputs of the optimised GSHP systems.  
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5.1.2 Results for Optimised Systems 
System outputs were generated for each of the optimisation scenarios, the results of which are 
discussed below.  
5.1.2.1 Viability of Greenhouse Heating 
The additional annual net benefit required to make greenhouse heating viable for the reliability 
focussed scenario (highest cost scenario considered) was $184,967. This was significantly less 
than the envelope calculation result for the annual potential benefit from heating of $422,611. 
Both calculations had significant sources of uncertainty associated with them and require 
agronomic validation but these results suggest that if a greenhouse is going to be built in South 
East Queensland it should be heated to maximise profits. These results are consistent with the 
economical assessment of Castilla (2012) which found that heated greenhouses in Belgium 
generated higher profits than passive greenhouses in Italy.  
5.1.2.2 Greenhouse Temperature  
The results for the greenhouse temperature progression with the optimised system showed that 
the system was consistently maintained above its lower temperature limit with only short and 
infrequent deviations below it. Seasonal trends typical of the ambient temperature input were 
also evident. The model also showed that the greenhouse reached its maximum temperature, at 
which point the roof would be removed, on roughly ¾ of the days of the year. This higher than 
expected value suggests that the empirical air renewal / leakage formula of Berroug et al. (2011) 
may have needed to have been adjusted before it was used in this specific scenario.  
5.1.2.3 Soil Temperature  
The ground temperature distribution results showed that soil temperature varied significantly 
throughout the year, especially within a 2m radius of the borehole but at the end of the year the 
maximum deviation from the undisturbed ground temperature was only approximately 0.4°C. 
The temperature change for the majority of the ground after the year of operation was 
insignificant. This was a result of the design choice to pump undisturbed ground temperature 
fluid through the BHE when the heat pump was not operational. As significant long term 
temperature variations were not apparent a longer simulation was not completed.  
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5.2 Uncertainty, Sensitivity and Error  
5.2.1 Uncertainty 
The model used a variety of parameters, many of which, were associated with large 
uncertainties. Discussion and justification of parameters is presented in Section 3.3.4.2 and only 
the parameters with the highest levels of uncertainty are discussed here.  The cost and 
agronomic parameters presented the largest uncertainty risks. Heating system costs were 
derived from foreign studies with relatively small sample sizes. It is plausible that these costs 
were underestimated as there is a lack of GSHP expertise and market competition in Australia. 
There were also large uncertainties associated with the forecast costs and escalations used in 
the model. The energy market is transforming at a rapid rate and policy instability has 
consistently been cited as barrier to renewable energy development in Australia. It is plausible 
that these forecast costs and escalations may change in the near future and significantly alter 
the results of the investigation. The parameters used in the simplification of the greenhouse heat 
transfers also posed large uncertainty risks. Transmissivity and absorptivity change with 
climate and geography but global average values from a southern European source were used 
in this investigation.  
5.2.2 Sensitivity  
The number of parameters used in this investigation made a quantitative sensitivity analysis of 
all parameters impossible. The parameters that the results were most sensitive to changes in are 
discussed here. The high intensity of solar radiation in Australia meant that the system was most 
sensitive to changes in the transmissivity and absorptivity of the greenhouse covering material. 
This combination of high uncertainty and sensitivity poses significant risks to the model 
validity. The model was also sensitive to changes in the combined heat transfer coefficient. As 
these coefficients were derived from empirical studies they also had potential to impact the 
accuracy and validity of the results.  
5.2.3 Error 
Truncation errors are inherent to FD approximations. The prevalence of truncation error in this 
investigation is unknown but when compared to the significant uncertainties above it was 
assumed to be of little concern.   
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5.3 Limitations  
The findings of this investigation were limited by simplifying assumptions and design choices. 
These choices are discussed in full in Sections 3.3 and only those which imposed severe 
limitations on the investigation are addressed here.   
One of the main limitations of the investigation was the choice to model the greenhouse as a 
lumped thermal mass with uniform temperature. Plant and soil temperatures are crucial 
parameters in crop development. To ensure that there are no hot or cold spots in the greenhouse, 
internal heat transfers would need to be modelled and an air reticulation system would need to 
be designed.  
The use of non-progressive control also limited the findings of the investigation. The ability of 
the model’s heating system to immediately supply the correct amount of heat without 
consideration of: ramping up and down, the fluid dynamics of the BHE, or the dynamics of the 
refrigeration cycle, was unrealistic. An actual system would be less reliable than the system 
modelled but the extent to which reliability would be impacted is unclear.  
Heat transfer within the borehole was simplified by assuming that the temperatures at the top 
and bottom of the borehole were equal to the inlet and outlet fluid temperatures respectively. 
The borehole temperature was then assumed to vary linearly between the top and bottom of the 
borehole. These assumptions approximate the physical behaviour of the system over long 
simulation periods but limit the potential to investigate the dynamics and optimisation of the 
BHE.   
Finally, the validity of the model was also limited by a lack of available agronomic information 
and expertise. The non-rigorous modelling of costs and potential benefits limits the extent to 
which the model could be relied upon for making financial decisions.  
5.4 Industry Implications 
The numerical model itself is of industrial importance. It allows the performance of a GSHP 
heated greenhouse to be approximated for varying combinations of parameters in a variety of 
locations. Rudimentary greenhouse models were already available to Australian farmers but the 
adaptability of this model for specific climate inputs increases the precision with which 
greenhouses and associated heating systems can be designed.  
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The results of the economic modelling also have widespread implications. These results suggest 
that heated greenhouses can be more profitable than passive greenhouses and that diesel heated 
greenhouses are more profitable than GSHP heated greenhouses. The demonstrated interest in 
greenhouse development in SEQ makes this information valuable, even more so, if the results 
were to be replicated in a more agronomically rigorous investigation. 
5.5 Further Work  
The findings of this investigation could be built upon by eliminating model limitations in order 
to more rigorously model the system. Proposed future works include:  
 an agronomic assessment of the net benefits associated with greenhouse cropping for 
different target temperatures and reliability goals; 
 modelling heat transfer within the BHE and optimisation of BHE design;  
 modelling the heat pump dynamics or extending the current findings to investigate the 
heat pump performance with different empirical heat pump dynamics and mass flow 
rates;  
 modelling heat transfer and air reticulation within the greenhouse to determine plant 
temperatures;  
 modelling of the inclination angle and solar transmissivity of the greenhouse covering 
material;  
 determining the cost optimal combination of additional greenhouse thermal mass and 
reduced cropping area; and  
 modelling the system with proportional control.  
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6 Conclusion  
This investigation modelled a GSHP heated Design Greenhouse with fixed heat pump dynamics 
using numerical methods. A FTCS FD numerical model was used to simulate the behaviour of 
the BHE and this was linked with a time series lumped thermal mass model of the Design 
Greenhouse by using the empirical heat pump dynamics. The successful delivery of this model 
was in line the desired project outcomes. 
Optimisation was completed by comparing a variety of parameter combinations using weighted 
cost and reliability metrics. An optimal system design which balanced cost and reliability was 
developed. 
The results of the investigation answered the research questions by suggesting that heated 
greenhouse operations can be significantly more profitable than passive operations and that, 
diesel heated greenhouses are currently more financially attractive than GSHP heated 
greenhouses.  
The investigation was limited by a variety of assumptions and design choices which were made 
to simply the model. These choices included: the modelling of the greenhouse as a lumped 
thermal mass, omission of heat transfer inside BHE from the model, the use of non-progressive 
control and the non-rigorous modelling of systems costs.  
The majority of proposed future works aim to improve the validity and accuracy of the model 
by eliminating the limitations mentioned above.  
  
Modelling and Optimisation of a Ground Source Heat Pump Heated Greenhouse 81 
Bibliography  
Al-Khawaldeh, B. (2015). Heating Greenhouses.   Retrieved from 
http://www.dpi.nsw.gov.au/content/agriculture/horticulture/greenhouse/structures/heat
ing 
Australian Energy Market Operator. (2016). National electricity forecasting report. Retrieved 
from Sydney:  
Australian_Energy_Regulator. (2016). Generation capacity and peak demand Retrieved from 
https://www.aer.gov.au/wholesale-markets/wholesale-statistics/generation-capacity-
and-peak-demand  
Badgery-Parker, J. (2001). Greenhouse Horticulture - beyond Australia. New South Wales 
Retrieved from 
http://www.dpi.nsw.gov.au/__data/assets/pdf_file/0006/119409/greenhouse-
horticulture-beyond-australia.pdf. 
Banks, D. (2008). An introduction to thermogeology: ground source heating and cooling. 
Malden, MA;Oxford;: Blackwell Pub. 
Berk, J., & DeMarzo, P. (2014). Corporate finance / Jonathan Berk, Peter DeMarzo (3rd ed., 
global ed.. ed.). Harlow, England Singapore: Harlow, England Singapore : Pearson. 
Berroug, F., Lakhal, E., Omari, M., Faraji, M., & Qarnia, H. (2011). Numerical study of 
greenhouse nocturnal heat losses. Journal of Thermal Science, 20(4), 377-384. 
doi:10.1007/s11630-011-0484-3 
Beurskens, L. W. M., M. Hekkenberg, and P. Vethman. (2011). Renewable energy projections 
as published in the national renewable energy action plans of the European member 
states: Covering all 27 European member states. Copenhagen: European Environment 
Agency. 
Canakci, M., Yasemin Emekli, N., Bilgin, S., & Caglayan, N. (2013). Heating requirement and 
its costs in greenhouse structures: A case study for Mediterranean region of Turkey. 
Renewable and Sustainable Energy Reviews, 24, 483-490. 
doi:http://dx.doi.org/10.1016/j.rser.2013.03.026 
Cantliffe, D. J., Shaw, N., Jovicich, E., Rodriguez, J. C., Secker, I., & Karchi, Z. (2001). Passive 
ventilated high-roof greenhouse production of vegetables in a humid, mild winter 
climate. Acta Horticulturae, 1, 195-202.  
Carr-Cornish, S., & Romanach, L. (2014). Differences in Public Perceptions of Geothermal 
Energy Technology in Australia. Energies, 7(3), 1555-1575. doi:10.3390/en7031555 
Carslaw, H. S., & Jaeger, J. C. (1947). Conduction of heat in solids. Oxford U6 - Book: 
Clarendon Press. 
Modelling and Optimisation of a Ground Source Heat Pump Heated Greenhouse 82 
Castilla, N. (2012). Greenhouse technology and management (Vol. 2). Cambridge, 
MA;Wallingford, Oxfordshire, UK;: CABI. 
Cengel, Y. A., & Boles, M. A. (2015). Thermodynamics: an engineering approach (Vol. 
Eighth). New York: McGraw-Hill Education. 
Chai, L., Ma, C., & Ni, J.-Q. (2012). Performance evaluation of ground source heat pump 
system for greenhouse heating in northern China. Biosystems Engineering, 111(1), 107-
117. doi:http://dx.doi.org/10.1016/j.biosystemseng.2011.11.002 
D’Arpa, S., Colangelo, G., Starace, G., Petrosillo, I., Bruno, D. E., Uricchio, V., & Zurlini, G. 
(2016). Heating requirements in greenhouse farming in southern Italy: evaluation of 
ground-source heat pump utilization compared to traditional heating systems. Energy 
efficiency, 9(5), 1065-1085. doi:10.1007/s12053-015-9410-y 
Department of Agriculture and Fisheries. (2010). Harvesting and marketing tomatoes Retrieved 
from https://www.daf.qld.gov.au/plants/fruit-and-
vegetables/vegetables/tomatoes/harvesting-and-marketing-tomatoes 
Diao, N., Li, Q., & Fang, Z. (2004). Heat transfer in ground heat exchangers with groundwater 
advection. International Journal of Thermal Sciences, 43(12), 1203-1211. 
doi:10.1016/j.ijthermalsci.2004.04.009 
Diersch, H.-J. G. (2014). FEFLOW: finite element modeling of flow, mass and heat transport 
in porous and fractured media (Vol. 1;2014;). Heidelberg: Springer. 
Dowd, A.-M., Boughen, N., Ashworth, P., & Carr-Cornish, S. (2011). Geothermal technology 
in Australia: Investigating social acceptance. Energy Policy, 39(10), 6301-6307. 
doi:http://dx.doi.org/10.1016/j.enpol.2011.07.029 
Du, J., Bansal, P., & Huang, B. (2012). Simulation model of a greenhouse with a heat-pipe 
heating system. Applied Energy, 93, 268-276. 
doi:http://dx.doi.org/10.1016/j.apenergy.2011.12.069 
Energy Information Administration. (2015). Annual Energy Outlook 2015 (DOE/EIA - 
0383(2015)). 
Esen, M., Esen, H., & Inalli, M. (2007). Numerical and experimental analysis of a horizontal 
ground-coupled heat pump system. Building and Environment, 42(3), 1126-1134. 
doi:10.1016/j.buildenv.2005.11.027 
Eskilson, P. (1987). Thermal Analysis of bleat Extraction Boreholes. (Doctor of Philosophy), 
University of Lund Sweden.    
Ghasemi-Fare, O., & Basu, P. (2013). A practical heat transfer model for geothermal piles. 
Energy and Buildings, 66, 470-479.  
Ghosal, M., & Tiwari, G. (2004). Mathematical modeling for greenhouse heating by using 
thermal curtain and geothermal energy. Solar Energy, 76(5), 603-613.  
Modelling and Optimisation of a Ground Source Heat Pump Heated Greenhouse 83 
Goetzler, W., Zogg, R., Lisle, H., & Burgos, J. (2011). Ground-source heat pumps: Overview 
of market status, barriers to adoption, and options for overcoming barriers. 
Harries, D., McHenry, M., Jennings, P., & Thomas, C. (2006). Geothermal energy in Australia. 
International Journal of Environmental Studies, 63(6), 815-821. 
doi:10.1080/00207230601047008 
Harrison, M. (2010). Valuing the future : the social discount rate in cost-benefit analysis : 
visiting research paper / Mark Harrison. Melbourne: Melbourne : Productivity 
Commission. 
Ingersoll, L. R., Zobel, O. J., & Ingersoll, A. C. (1955). Heat conduction: with engineering, 
geological, and other applications. London U6 - Book: Thames and Hudson. 
International Symposia on Tropical and Temperate Horticulture. (2016). I International 
Symposium on Protected Cultivation in Tropical and Temperate Climates & X 
International Symposium on Protected Cultivation in Mild Winter Climates. 
Jacques, L., Bradshaw, M., Carson, L., Budd, A., Huleatt, M., Hutchinson, D., . . . Warr, S. 
(2010). Australian Energy Resource Assessment. Canberra Department of Resources, 
Energy and Tourism  
Jain, D., & Tiwari, G. N. (2003). Modeling and optimal design of ground air collector for 
heating in controlled environment greenhouse. Energy Conversion and Management, 
44(8), 1357-1372. doi:10.1016/S0196-8904(02)00118-8 
Kavanaugh, S. P., Rafferty, K. D., & American Society of Heating, R. a. A.-C. E. (2014). 
Geothermal heating and cooling: design of ground-source heat pump systems. Atlanta: 
ASHRAE. 
Koohi-Fayegh, S., & Rosen, M. (2013). A Review of the Modelling of Thermally Interacting 
Multiple Boreholes. Sustainability, 5(6), 2519.  Retrieved from 
http://www.mdpi.com/2071-1050/5/6/2519 
Kwak, H.-Y., You, Y., Oh, S.-D., & Jang, H.-N. (2014). Thermoeconomic analysis of ground-
source heat pump systems. International Journal of Energy Research, 38(2), 259-269. 
doi:10.1002/er.3024 
Lamarche, L., & Beauchamp, B. (2007). A new contribution to the finite line-source model for 
geothermal boreholes. Energy & Buildings, 39(2), 188-198. 
doi:10.1016/j.enbuild.2006.06.003 
Lee, C. K. (2011). Effects of multiple ground layers on thermal response test analysis and 
ground-source heat pump simulation. Applied Energy, 88(12), 4405-4410. 
doi:10.1016/j.apenergy.2011.05.023 
Li, S., Yang, W., & Zhang, X. (2009). Soil temperature distribution around a U-tube heat 
exchanger in a multi-function ground source heat pump system. Applied Thermal 
Engineering, 29(17), 3679-3686. doi:10.1016/j.applthermaleng.2009.06.025 
Modelling and Optimisation of a Ground Source Heat Pump Heated Greenhouse 84 
Li, Z., & Zheng, M. (2009). Development of a numerical model for the simulation of vertical 
U-tube ground heat exchangers. Applied Thermal Engineering, 29(5), 920-924. 
doi:10.1016/j.applthermaleng.2008.04.024 
Liu, X., Xiao, Y., Inthavong, K., & Tu, J. (2015). Experimental and numerical investigation on 
a new type of heat exchanger in ground source heat pump system. Energy efficiency, 
8(5), 845-857. doi:10.1007/s12053-015-9324-8 
Molina-Giraldo, N., Blum, P., Zhu, K., Bayer, P., & Fang, Z. (2011). A moving finite line 
source model to simulate borehole heat exchangers with groundwater advection. 
International Journal of Thermal Sciences, 50(12), 2506-2513. 
doi:10.1016/j.ijthermalsci.2011.06.012 
Montagud, C., Corberán, J. M., & Ruiz-Calvo, F. (2013). Experimental and modeling analysis 
of a ground source heat pump system. Applied Energy, 109, 328-336. 
doi:http://dx.doi.org/10.1016/j.apenergy.2012.11.025 
Muraya, N. K., ONeal, D. L., & Heffington, W. M. (1996). Thermal interference of adjacent 
legs in a vertical U-tube heat exchanger for a ground-coupled heat pump (0001-2505). 
Retrieved from  
Najjar, A., & Hasan, A. (2008). Modeling of greenhouse with PCM energy storage. Energy 
Conversion and Management, 49(11), 3338-3342. 
doi:http://dx.doi.org/10.1016/j.enconman.2008.04.015 
Nam, Y., Ooka, R., & Hwang, S. (2008). Development of a numerical model to predict heat 
exchange rates for a ground-source heat pump system. Energy & Buildings, 40(12), 
2133-2140. doi:10.1016/j.enbuild.2008.06.004 
Noorollahi, Y., Bigdelou, P., Pourfayaz, F., & Yousefi, H. (2016). Numerical modeling and 
economic analysis of a ground source heat pump for supplying energy for a greenhouse 
in Alborz province, Iran. Journal of Cleaner Production, 131, 145-154. 
doi:http://dx.doi.org/10.1016/j.jclepro.2016.05.059 
NZ Statistics. (2014). Seasonal price flucations for fresh fruit and vegetables Retrieved from 
http://www.stats.govt.nz/browse_for_stats/economic_indicators/prices_indexes/season
al-fluctuations-in-fresh-fruit-and-vegetables.aspx 
Omer, A. M. (2015). Sustainable Energy Sources for the Future: A New Geothermal Heat Pump 
System for the Built Environment. British Journal of Environment and Climate Change 
Journal Article, 5(4), 285.  Retrieved from 
http://uq.summon.serialssolutions.com/2.0.0/link/0/eLvHCXMwnV1LS8NAEB60Xrz
4FqsVBgRv0XY3D-
JFa0nspSjUe1mTLBRqYl__35lNNtEKPUhOIeSx7GTm45v5ZgCkuOs6Gz7BVdzKS
aT0f-lUUkjzQ-
n7oaelEkmovA3648kyBeVuWydpPHdaJEya3_eCgEcke1338Wvu8BgpTrdWMzV2Y
Y8VpDzSYCRea9KFgiMn-v74XRNM4kOwhQS2iKTOLM9_6nJ-
9Wr89ycewUGFObFfGskx7GT5CbRHBJeLhWHV8RYHsylhV3N2CnrcyKowMupA
HBuWf4kEcpFAI8amGckD9pH8JL5kRsn1Sa8ZknfHN7ISLLuh13c8r6ezFUaNsu4M
Modelling and Optimisation of a Ground Source Heat Pump Heated Greenhouse 85 
buLofTB07LImlWUvJ82a5Dm08iLPLgBDN9G0mZqwgnKV8D8CgoEpHb2Em7sEb
ehse9Ll9stXsE8wxStL6DrQWi3W2TWrVr8BWeK9KQ 
Ozudogru, T. Y., Ghasemi-Fare, O., Olgun, C. G., & Basu, P. (2015). Numerical Modeling of 
Vertical Geothermal Heat Exchangers Using Finite Difference and Finite Element 
Techniques. Geotechnical and Geological Engineering, 33(2), 291-306. 
doi:10.1007/s10706-014-9822-z 
Polak, J., & Horsfall, L. (1979). Geothermal gradients in the Great Artesian Basin, Australia 
Bulletin of the Australian Society of Exploration Geophysicists, 10, 144-148.  
Protected Cropping Australia. (2016). Education and Training.   Retrieved from 
http://www.protectedcroppingaustralia.com/?page_id=100 
Queensland Competition Authority. (2016). Regulated retail electricity prices for 2016–17. 
Retrieved from Brisbane:  
Queensland Government. (2013). Common Soil Types Retrieved from 
https://www.qld.gov.au/environment/land/soil/soil-testing/types/# 
Rottmayer, S. P., Beckman, W. A., & Mitchell, J. W. (1997). Simulation of a single vertical U-
tube ground heat exchanger in an infinite medium (0001-2505). Retrieved from  
Schilling, R. J., & Harris, S. L. (2000). Applied numerical methods for engineers using 
MATLAB and C / Robert J. Schilling, Sandra L. Harris. Pacific Grove, Calif. London: 
Pacific Grove, Calif. London : Brooks/Cole Pub. 
Straten, G. v. (2011). Optimal control of greenhouse cultivation Gerrit van Straten [and 
others]. Boca Raton, FL: Boca Raton, FL : CRC Press. 
von Zabeltitz, C. (2011). Integrated Greenhouse Systems for Mild Climates: Climate 
Conditions, Design, Construction, Maintenance, Climate Control. Berlin, Heidelberg: 
Springer Berlin Heidelberg: Berlin, Heidelberg. 
Wittwer, S. H., & Castilla, N. (1995). Protected cultivation of horticultural crops worldwide. 
Protected cultivation of horticultural crops worldwide(1), 6-23.  
Yang, H., Cui, P., & Fang, Z. (2010). Vertical-borehole ground-coupled heat pumps: A review 
of models and systems. Applied Energy, 87(1), 16-27. 
doi:http://dx.doi.org/10.1016/j.apenergy.2009.04.038 
Yavuzturk, C., Spitler, J. D., & Rees, S. J. (1999). A transient two-dimensional finite volume 
model for the simulation of vertical U-tube ground heat exchangers. ASHRAE 
transactions, 105, 465.  
Younis, M., Bolisetti, T., & Ting, D. S. K. (2010). Ground source heat pump systems: current 
status. International Journal of Environmental Studies, 67(3), 405-415. 
doi:10.1080/00207231003668813 
Modelling and Optimisation of a Ground Source Heat Pump Heated Greenhouse 86 
Zeng, H. Y., Diao, N. R., & Fang, Z. H. (2002). A finite line‐source model for boreholes in 
geothermal heat exchangers. Heat Transfer—Asian Research, 31(7), 558-567. 
doi:10.1002/htj.10057 
Zhu, Y., Tao, Y., & Rayegan, R. (2012). A comparison of deterministic and probabilistic life 
cycle cost analyses of ground source heat pump (GSHP) applications in hot and humid 
climate. Energy and Buildings, 55, 312-321. 
doi:http://dx.doi.org/10.1016/j.enbuild.2012.08.039 
等, H. N. (2003). Efficiency of Vertical Geothermal Heat Exchangers in the Ground Source 
Heat Pump System. 热科学学报：英文版, 12(1), 77-81. doi:10.1007/s11630-003-
0012-1 
 
  
Modelling and Optimisation of a Ground Source Heat Pump Heated Greenhouse 87 
Appendix A – Empirical Heat Pump Dynamics  
Table 10 shows the empirical heat pump dynamics from QGECE’s installation that were used 
in this investigation.Table 10: Empirical Heat Pump Dynamics 
Table 10: Empirical Heat Pump Dynamics 
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Appendix B – Python Implementation  
 A shortened version of the Python model used for this investigation is shown below.  
# -*- coding: utf-8 -*- 
""" 
#Created on Wed Sep 28 15:49:35 2016 
# 
#@author: s4316651 
#""" 
 
"""MECH4500 GSHP Heated Greenhouse Code - Jack Buffington""" 
#------------------------------------------------------------------------------ 
#Import Required Libraries 
#------------------------------------------------------------------------------ 
import numpy as np 
import gc 
import matplotlib.pylab as plt 
import math 
import time 
from scipy import stats 
# 
#------------------------------------------------------------------------------ 
#Nomenclature 
#------------------------------------------------------------------------------ 
#k      = thermal conductivity (W/mk) 
#phi    = porosity (unitless) 
#rhoc   = volumetric heat capacity (J/m^3K) 
#d      = diametre (m) 
#leg    = distance between legs (centre to centre)  
#z      = depth (m) 
#r      = radius (m)  
#dt     = time step(s) 
#e      = roughness (mm)  
#mu     = dynamic viscosity (PaS)     
#T_in   = inlet water temperature (K) 
#T_out  = outlet water temperature (K) 
#T_0    = initial ground temperature (K) 
#r_max  = radius of simulation space (m) 
#r_min  = minimum radius (m) (0 in all cases but needs to be defined)  
#z_max  = depth of simulation space (m) 
#r_min  = minimum depth (m) (0 in all cases but needs to be defined)  
#dr     = radial stepsize (m)  
#dz     = depth stepsize (m) 
#ground = type of soil being evaluated in the model, options are sandstone, 
#         clay, silt or shale 
 
#subcripts: 
#p=pipe 
#f=fluid 
#gt=grout 
#gnd=ground 
#0= 
 
#GH parameters  
L_gh=80 
W_gh=45 
H_ghtoroof=4.2 
H_gh=5.5 
A_gh=L_gh*H_ghtoroof*2+W_gh*H_ghtoroof*2+W_gh*(H_gh-H_ghtoroof) \ 
     +2*(((W_gh*0.5)**2+(H_gh-H_ghtoroof)**2)**0.5*L_gh) 
V_gh=L_gh*W_gh*H_ghtoroof+W_gh*0.5*(H_gh-H_ghtoroof)*L_gh 
A_ground=L_gh*W_gh 
#T_lowlim=16+273.15 
rho_a=1.24 #average  
Cp_a=1007 
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k_a=0.0251 
rho_w=998 
Cp_w=4180 
emis=0.4 
alpha=5.67e-8 
#conv=3.4 
dtdz=0.1 
Vol_w=80 
k_g=0.56 
trans=0.86 
therm_m=rho_a*(V_gh-Vol_w)*Cp_a+Vol_w*Cp_w*rho_w 
#cap=600000 
#filmcost=2.4 
 
# cost data GSHP 
years=20 # life of system years  
disr=0.08 #discount rate  
infr=0.0404 #inflation rate 
exch=1.3   #exchange rate USD to AUD 
capexs=exch*0.682*2190 #cost of surface equipment per kW output  
capexbhe= exch*47 #cost per m of borehole  
maint = exch*88 #average yearly maintenance cost per kW output  
elecpr = 0.285 #2016 electricity price $/kwh 
elecr = 0.0059 #electricity price annual rate of increase  
 
#diesel system  
capexsd = 2190*0.515 #cost of surface equipment dieselper kW output 
maintd = maint 
diespr = 0.1282#$/kwh 
diesr = 0.022 
 
maintlist=[] 
elecprlist=[] 
maintdlist=[] 
diesprlist=[] 
 
for i in range(years): 
    maint=maint*(1+infr) 
    elecpr=elecpr*(1+infr)*(1+elecr) 
    maintd=maintd*(1+infr) 
    diespr=diespr*(1+infr)*(1+diesr) 
    maintlist.append(maint) 
    elecprlist.append(elecpr) 
    maintdlist.append(maintd) 
    diesprlist.append(diespr) 
 
maintlist=np.asarray(maintlist) 
elecprlist=np.asarray(elecprlist) 
maintdlist=np.asarray(maintdlist) 
diesprlist=np.asarray(diesprlist) 
 
##------------------------------------------------------------------------------ 
#Define ground parameters 
#------------------------------------------------------------------------------ 
# Material properties: 
k_g = 0.56 
phi_g = 0.47 
rhoc_g = 3.3*10**6 
alpha_g= k_g/rhoc_g  
 
#Geometric properties: 
r_s = 8 
z_s = 105 
z_p=100 
#------------------------------------------------------------------------------ 
#Define initial conditions 
#------------------------------------------------------------------------------ 
T_int=21.5+273 
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#------------------------------------------------------------------------------ 
#Define boundary conditions 
#------------------------------------------------------------------------------ 
r_min=0.0 
r_max = r_s 
z_min=0.0 
z_max=z_s 
 
#Adiabatic sides and bottom boundaries but these boundary conditions are just  
#implemented in the finite differences  
 
#------------------------------------------------------------------------------ 
#Discretisation 
#------------------------------------------------------------------------------ 
dr=.4 
dz=5 
 
 
dt=60 
sim_time=60*len(data_out[0]) 
sim_days=sim_time/(3600.0*24.0) 
print(sim_days, "days") 
N_r=r_max/dr+1 
N_z=int(z_max/dz+1) 
#N_t=sim_time/dt 
 
 
#GH model  
def heat_load(Vol_w, conv, cap, T_lowlim, wellnum, filmcost): 
    gc.collect() 
    therm_m=rho_a*(V_gh-Vol_w)*Cp_a+Vol_w*Cp_w*rho_w 
    T_gh=data_out[2][0] 
    T_gh_list=[] 
    Q_heat_list=[] 
    Q_conv_list=[] 
    Q_rad_list=[] 
    Q_leak_list=[] 
    #Q_soil_list=[] 
    Q_sol_list=[] 
     
    dt=60 
    for i in range(0,len(data_out[0])): 
        Q_conv=-conv*(T_gh-data_out[2][i])*A_gh 
        Q_leak=-(rho_a*Cp_a*(0.29*data_out[1][i]+0.76)*V_gh/(3600))*(T_gh-
data_out[2][i]) 
        Q_sol=trans*data_out[3][i]*A_ground*0.5 
        T_gh+=(Q_conv+Q_leak+Q_sol)*dt/therm_m 
        if T_gh>45+273: 
            T_gh=data_out[2][i] 
        if T_gh < T_lowlim: 
            Q_heat = (T_lowlim-T_gh)*therm_m/dt 
            if Q_heat>cap: 
                Q_heat=cap  
            T_gh=T_gh+Q_heat*dt/therm_m 
        else: 
            Q_heat=0 
            T_gh=T_gh 
     
        Q_heat_list.append(Q_heat) 
        T_gh_list.append(T_gh) 
        Q_conv_list.append(Q_conv) 
        Q_leak_list.append(Q_leak) 
        Q_sol_list.append(Q_sol) 
     
     
    T_gh_array=np.asarray(T_gh_list) 
    Q_heat_array=np.asarray(Q_heat_list) 
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    gc.collect() 
    return T_gh_array, Q_heat_array, Q_conv_list, Q_leak_list, Q_sol_list 
 
 
   
def temp_analysis(Vol_w, conv, cap, T_lowlim, wellnum, filmcost): 
    gc.collect() 
    minundercount=[] 
    conseccount=[] 
    totalconsec=[] 
    heatdef=[] 
    sselist=[] 
    current=0 
    Qdef=0 
    sse=0 
    for i in range(len(gh_out[0])): 
        if gh_out[0][i]<T_lowlim: 
            under=1 
            Qdef=((T_lowlim-gh_out[0][i])*therm_m/dt)/60000 
            sse=(T_lowlim-gh_out[0][i])**2 
        else:  
            under=0 
        minundercount.append(under) 
        heatdef.append(Qdef) 
        sselist.append(sse)         
    for i in range(len(minundercount)): 
        if minundercount[i]==1: 
            current+=1 
        else: 
            current=0 
        conseccount.append(current) 
    for i in range(len(conseccount)-1): 
        if conseccount[i]>conseccount[i+1]: 
            consec=conseccount[i] 
            totalconsec.append(consec) 
    if len(totalconsec)==0: 
        avundertime=0 
        maxundertime=0 
    else: 
        avundertime = sum(totalconsec)/(len(totalconsec)) 
        maxundertime = max(totalconsec)          
    minsunder=sum(minundercount) 
    Qdef=sum(heatdef)/60000 
    conseccount=np.asarray(conseccount) 
    Qsup=np.sum(np.divide(gh_out[1],60000)) 
    sselist=np.asarray(sselist) 
    ssetot=np.sum(sselist) 
    gc.collect() 
    return minsunder, avundertime, maxundertime, Qdef, conseccount, Qsup, ssetot 
 
#BHE model  
#------------------------------------------------------------------------------ 
#Solving of equations 
#------------------------------------------------------------------------------ 
#Coefficients for finite differences  
##T_(i,j)^(t+1)=(1-2αΔt/(Δr)^2 -αΔt/(i(Δr)^2 )-2αΔt/(Δz)^2 ) T_(i,j)^t+ 
#(αΔt/(Δr)^2 +αΔt/(i(Δr)^2 )) T_(i+1,j)^t+(αΔt/(Δr)^2 ) T_(i-1,j)^t+ 
#(αΔt/(Δz)^2 ) T_(i,j+1)^t+(αΔt/(Δz)^2 ) T_(i,j-1)^t 
 
 
def coefficient(): 
    gc.collect()                     
#Empty lists for coefficients dependant on r     
    C1=[] 
    C2=[]  
     
         
    for i in np.arange(0,N_r): # for indexing purposes starting at zero 
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        C1+=N_z*[alpha_g*dt*(1/(alpha_g*dt)-2/dr**2-1/(i*dr**2)-2/dz**2)] 
        C2+=(N_z)*[alpha_g*dt*(1/(dr**2)+1/(i*dr**2))] 
    C2=C2[N_z:] 
     
     
    singleC3=alpha_g*dt/dr**2 
    singleC4=alpha_g*dt/dz**2 
    C2_portion=C2[len(C2)-N_z:len(C2)] 
    C2_portion=np.array(C2_portion) # for adiabatic bottom boundary cond. 
    C3_end=[singleC3]*int(N_z) 
    C3_end=np.array(C3_end) 
    C3_end=C3_end+C2_portion 
    C3=[singleC3]*int(N_z*N_r-2*N_z) #get rid of 2 for constant temp  
    C4=[singleC4]*int(N_z*N_r-1) 
    C1=np.asarray(C1) 
    C2=np.asarray(C2) 
    C3=np.append(np.array(C3),C3_end) 
    C3=np.asarray(C3) 
    C4=np.asarray(C4) 
     
     
    #Equations are stored in matrix form T+1=T*A 
     
 
         
    #coefficient matrix 
     
    A_1=np.zeros((N_z*N_r,N_z*N_r)) 
    for i in range(0,int(N_z*N_r)): 
        A_1[i,i]=C1[i] 
    for i in range(0, int(N_z*N_r-1)): 
        A_1[i,i+1]=C4[i] 
        A_1[i+1,i]=-C4[i] 
    for i in range (int(N_z+1), int(N_z*N_r)): 
        A_1[i,i-N_z]=C3[i-N_z-1] 
         
     
    for i in range(0,int(N_z)): #main diagonal c1 terms  
        A_1[i,i]=1 
    for i in range(int(N_z*N_r-N_z), int(N_z*N_r)): 
        A_1[i,i]=1 
    for i in range(int(N_z),int(N_r*N_z), int(N_z)): 
        A_1[i,i]=1 
    for i in range(int(2*N_z-1),int(N_r*N_z), int(N_z)): 
        A_1[i,i]=1 
         
    #+1 off diagonal c4 terms    
    for i in range(int(2*N_z),int(N_r*N_z-1), int(N_z)): 
        A_1[i-1,i]=0 
        A_1[i,i+1]=0 
    for i in range(0,int(N_z+2)): #look at!!! chage 1 to 2  
        A_1[i-1,i]=0 
    for i in range(int(N_z*N_r-N_z),int(N_z*N_r)): 
        A_1[i-1,i]=0 
     
    #-1 off diagonal C4 terms 
    for i in range(int(2*N_z)-1,int(N_r*N_z-1), int(N_z)): 
        A_1[i,i-1]=0 #0 for constant temp  
        A_1[i+1,i]=0 
    for i in range (0,int(N_z)): 
        A_1[i+1,i]=0 
    for i in range(int(N_z*N_r-N_z),int(N_z*N_r)): 
        A_1[i,i-1]=0     
    A_1[N_r*N_z-1,N_r*N_z-2]=0 #0 for constant temp  
     
    #C2 positive far diagonal terms 
    for i in range (int(N_z+1),int(N_z*N_r-N_z)): 
            A_1[i,i+N_z]=C2[i-N_z] 
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    for i in range(int(N_z),int(2*N_z+1)): 
        A_1[i-N_z,i]=0 
    for i in range(int(3*N_z),int(N_z*N_r-1),int(N_z)): 
        A_1[i-N_z,i]=0 
        A_1[i-N_z-1,i-1]=0 
    A_1[int(N_z*N_r-N_z-1),int(N_z*N_r-1)]=0 
     
    #C3 diagonal 
    for i in range(0, len(C3), int(N_z)): 
        A_1[i+N_z,i]=0 
        A_1[i+N_z-1,i-1]=0 
    for i in range(int(N_z*N_r-N_z),int(N_r*N_z)): 
        A_1[i,i-N_z]=0 
#    B=A_1 
             
#    plt.figure() 
#    plt.subplot(211) 
#    plt.spy(A_1) 
    gc.collect() 
    return A_1 
# 
A_1=coefficient() 
 
 
     
def borehole_temp (Vol_w, conv, cap, T_lowlim, wellnum, filmcost): 
    gc.collect() 
    opcond=[] 
    COPlist=[] 
    worklist=[] 
    totalQlist=[] 
    for i in range(0,len(gh_out[1])): 
        if gh_out[1][i]==0: 
            op=0 
        else:  
            op=1 
        opcond.append(op) 
    opcond=np.asarray(opcond) 
    T=np.full((N_z*N_r),T_int) 
    sstep=0.01 
    mstep=0.1 
    mmstep=0.2 
    bstep=0.3 
    bbstep=0.5 
    goal=20 
    count=0 
    countnoheat=0 
    countheat=0 
    t=0.0 
    totalQ=1500 
    storet1=[] 
    storet2=[] 
    storet3=[] 
    storet4=[] 
    storet5=[] 
    storet6=[] 
    storet7=[] 
    storet8=[] 
    storet9=[] 
     
    COP=4 
    while t<sim_time-dt: 
#        storet1.append(T[N_z+4]) 
#        storet2.append(T[N_z+12]) 
#        storet3.append(T[N_z+20]) 
#        storet4.append(T[19*N_z+4]) 
#        storet5.append(T[19*N_z+12]) 
#        storet6.append(T[19*N_z+20]) 
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#        storet7.append(T[37*N_z+4]) 
#        storet8.append(T[37*N_z+12]) 
#        storet9.append(T[37*N_z+20]) 
        t+=dt 
        count+=1 
#        print (count) 
        if opcond[count]==0: 
            for i in range(0, int(1+z_p/dz)): 
                T[i]=T_int 
            T=np.dot(A_1,T) 
            COP1=0 
            work1=0 
            totalQ1=0 
            countnoheat+=1 
            COPlist.append(COP1) 
            worklist.append(work1) 
            totalQlist.append(totalQ1) 
#            print("no heating",countnoheat) 
#             
        else: 
             
            countheat+=1 
            while abs(totalQ-(gh_out[1][count]*(1-1/COP))/wellnum)>goal: 
 
                if totalQ<((gh_out[1][count]*(1-1/COP))/wellnum): 
                    T[0]-=sstep 
                else:  
                    T[0]+=sstep 
 
                if T[0]<266.15: 
                    work=abs(gh_out[1][count]-abs(totalQ*wellnum)) 
                    COP=gh_out[1][count]/work 
                    break 
 
                T_out=T[0]+0.108258*T[0]-26.473871 
                for ii in range (1,int(z_p/dz)): 
                    T[ii]=T[0] + ((T_out-T[0])/(z_p/dz))*ii     
                COP=0.085615*T[0]-19.525858 
    #            print(COP) 
                qlist=[] 
                qsumlist=[] 
                for j in range(0, int((z_p/dz)+1)): 
                    q=k_g*math.pi*dz*(T[j+int(N_z)]-T[j]) 
                    qlist.append(q) 
                for k in range(0,int((z_p/dz))): 
                    qsum=(qlist[k]+qlist[k+1])/2 
                    qsumlist.append(qsum) 
                totalQ=sum(qsumlist) 
                work=wellnum*totalQ/(COP-1) 
            COPlist.append(COP) 
            worklist.append(work) 
            totalQlist.append(totalQ) 
 
        T=np.dot(A_1,T)     
 
    COPlist.append(0) 
    for i in range(len(worklist)): 
        if worklist[i]<0: 
            worklist[i]=0 
 
    COPminlist=COPlist 
    for i in range(len(COPminlist)): 
        if COPminlist[i]==0: 
            COPminlist[i]=100 
    COPmin=np.amin(np.asarray(COPminlist)) 
    worklist.append(0) 
    totalwork=np.sum(np.divide(worklist,60000)) 
    COPav = temp_anal[5]/totalwork 
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    totalheat=np.sum(totalQlist) 
     
    #costs GSHP 
    initcost=cap*(10**(-3))*capexs+wellnum*z_p*capexbhe+50*Vol_w+filmcost*A_gh 
     
    maintcost=maintlist*cap*(10**(-3)) 
    for i in range(len(maintcost)): 
        maintcost[i]=maintcost[i]*(1+disr)**(-i) 
    maintcost=np.sum(maintcost) #sum of discounted cashflows  
     
    fuelcost=elecprlist*totalwork 
    for i in range(len(fuelcost)): 
        fuelcost[i]=fuelcost[i]*(1+disr)**(-i) 
    fuelcost=np.sum(fuelcost) #sum of discounted cashflows 
     
    NPCg=initcost+maintcost+fuelcost 
    rev_g=NPCg*(disr-infr)/(1-((1+infr)/(1+disr))**years) 
     
    #costs diesel 
    initcostd=cap*(10**(-3))*capexsd+50*Vol_w+filmcost*A_gh 
     
    maintcostd=maintdlist*cap*(10**(-3)) 
    for i in range(len(maintcostd)): 
        maintcostd[i]=maintcostd[i]*(1+disr)**(-i) 
    maintcostd=np.sum(maintcostd) #sum of discounted cashflows  
     
    fuelcostd=diesprlist*temp_anal[5] 
    for i in range(len(fuelcostd)): 
        fuelcostd[i]=fuelcostd[i]*(1+disr)**(-i) 
    fuelcostd=np.sum(fuelcostd) #sum of discounted cashflows 
     
    NPCd=initcostd+maintcostd+fuelcostd 
    rev_d=NPCd*(disr-infr)/(1-((1+infr)/(1+disr))**years) 
    #ground temperature plots  
    X=np.arange(0,r_s+dr,dr) 
     
    Y=np.arange(0,z_s+dz,dz) 
    Y*=-1 
     
    T=T.reshape(N_r,N_z) 
    T=T.transpose() 
    T[N_z-2]=T_int 
    
T_lists=[storet1,storet2,storet3,storet4,storet5,storet6,storet7,storet8,storet9] 
    gc.collect() 
    return T, X, Y, COPlist, worklist, COPav, totalwork, COPmin, storet1, 
totalheat, NPCg, NPCd, rev_g, rev_d, T_lists 
#     
thermmassrange=np.linspace(50000,500000,10) 
convrange=np.linspace(5,120,10) 
#convrange=np.asarray([2, 2.5, 3.4, 2.9 ,3.2, 5, 5.8, 7, 7.8, 9]) 
#costrange=np.asarray([75, 62, 2.4, 50 ,41, 1.5, 25, 21, 12, .7]) 
 
plottingQ=[] 
plottingminunder=[] 
plottingavunder=[] 
plottingmaxundertime=[] 
plottingsse=[] 
plottingQdef=[] 
plottingCOPav=[] 
plottingwork=[] 
plottingCOPmin=[] 
plottingNPCg=[] 
plottingNPCd=[] 
plottingprofg=[] 
plottingprofd=[] 
 
#plottingt1=[] 
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#plottingt2=[] 
##plottingt3=[] 
#plottingt4=[] 
 
counter=0 
for i in range(len(thermmassrange)): 
    for j in range(len(convrange)): 
        gc.collect() 
        counter+=1 
        print(counter) 
        gh_out=heat_load(80, 3.4, thermmassrange[i], 16+273.15, convrange[j], 2.4)       
        temp_anal=temp_analysis(80, 3.4, thermmassrange[i], 16+273.15, 
convrange[j], 2.4) 
        bh_out=borehole_temp(80, 3.4, thermmassrange[i], 16+273.15, convrange[j], 
2.4) 
         
        plottingQ.append(temp_anal[5]) 
        plottingminunder.append(temp_anal[0]) 
        plottingavunder.append(temp_anal[1]) 
        plottingmaxundertime.append(temp_anal[2]) 
        plottingQdef.append(temp_anal[3]) 
        plottingsse.append(temp_anal[6]) 
         
        plottingCOPav.append(bh_out[5]) 
        plottingwork.append(bh_out[6]) 
        plottingCOPmin.append(bh_out[7]) 
         
        plottingNPCg.append(bh_out[-4]) 
        plottingNPCd.append(bh_out[-3]) 
        plottingprofg.append(bh_out[-2]) 
        plottingprofd.append(bh_out[-1]) 
 
NPCz=stats.zscore(plottingNPCg) 
timeunderz=stats.zscore(plottingminunder) 
maxunderz=stats.zscore(plottingmaxundertime) 
NPCZnew=[] 
timeunderznew=[] 
maxunderznew=[] 
for i in range(len(plottingNPCg)): 
    placeholder1=(NPCz[i]-min(NPCz))*(max(NPCz)-min(NPCz))**(-1) 
    placeholder2=(timeunderz[i]-min(timeunderz))*(max(timeunderz)-
min(timeunderz))**(-1) 
    placeholder3=(maxunderz[i]-min(maxunderz))*(max(maxunderz)-min(maxunderz))**(-
1) 
     
    NPCZnew.append(placeholder1) 
    timeunderznew.append(placeholder2) 
    maxunderznew.append(placeholder3) 
 
NPCZnew=np.asarray(NPCZnew) 
timeunderznew=np.asarray(timeunderznew) 
maxunderznew=np.asarray(maxunderznew) 
 
costscore = 0.75*NPCZnew + 0.1875*timeunderznew + 0.0625*maxunderznew 
evenscore = 0.5*NPCZnew + 0.375*timeunderznew + 0.125*maxunderznew 
relscore = 0.25*NPCZnew + 0.5625*timeunderznew + 0.1875*maxunderznew 
 
##        plottingt1.append(bh_out[7]) 
#        plottingt2.append(bh_out[7]) 
##        plottingt3.append(bh_out[9]) 
#        plottingt4.append(bh_out[8]) 
# 
# 
 
# Repeat numerous times for all the different plots  
plottingQ=np.asarray(plottingQ) 
plottingQ=plottingQ.reshape(len(thermmassrange),len(convrange)) 
plottingQ=plottingQ.transpose() 
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plt.figure() 
plt.contour(thermmassrange,convrange,plottingQ,10) 
plt.colorbar() 
plt.xlabel('Heat Pump Output Capacity (kW)') 
plt.ylabel('Total BHE Length (m)') 
plt.title('Total Heating Supplied (kWh)') 
plt.savefig('wellnumcapnum Comparison Costs - Heat Req 1600.png', dpi=1000) 
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Appendix C – Additional Metric Results  
Thermal Mass and Insulation  
 
Figure 41: Lowest COP for Varying Additional Thermal Mass and Insulation Type 
 
Figure 42: Average Time Under Lower Temperature Limit for Varying Additional Thermal Mass and Insulation Type 
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Figure 43: Heating Deficit for Varying Additional Thermal Mass and Insulation Type 
 
Figure 44: Heating Deficit for Varying Additional Thermal Mass and Insulation Type 
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Figure 45: Required Net Benefit GSHP for Varying Additional Thermal Mass and Insulation Type 
 
Figure 46: Required Net Benefit Diesel for Varying Additional Thermal Mass and Insulation Type 
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Heat Pump Output Capacity and Lower Temperature Limit 
 
Figure 47: Lowest COP for Varying Output Capacity and Lower Temperature Limit 
 
Figure 48: Average Time Under for Varying Output Capacity and Lower Temperature Limit 
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Figure 49: Heating Deficit Varying Output Capacity and Lower Temperature 
 
Figure 50: SSE Varying Output Capacity and Lower Temperature Limit 
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Figure 51: Additional Annual Profit Required GSHP for Varying Output Capacity and Lower Temperature Limit 
 
Figure 52: Additional Annual Profit Required Diesel Varying Output Capacity and Lower Temperature Limit 
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Output Capacity and Total Well Length 
 
Figure 53: Lowest COP for Varying Output Capacity and Total Well Length 
 
Figure 54: Average Time Under for Varying Output Capacity and Total Well Length 
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Figure 55: Heating Deficit Varying Output Capacity and Total Well Length 
 
Figure 56: SSE Varying Output Capacity and Total Well Length 
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Figure 57: Additional Annual Profit Required GSHP for Varying Output Capacity and Total Well Length 
 
Figure 58: Additional Annual Profit Required Diesel for Varying Output Capacity and Total Well Length 
